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ABSTRACT 


The  saccadic  control  system  represents  a  good  model  system  to  study  the  selection  of  stimulus  events 
according  to  their  spatial  location.  The  present  work  focuses  on  two  factors  known  to  influence 
saccade  latency:  the  presence  of  a  fixation  stimulus  and  the  nature  of  the  saccade  target.  We  report 
evidence  which  suggests  that  fixation  point  offsets  facilitate  pre-motor  stages  of  saccade  generation 
(Reuter-Lorenz  et  al,  in  press;  Appendix  I).  This  idea,  in  conjunction  with  electrophysioiogical 
data,  suggested  that  fixation  offset  might  also  facilitate  saccades  to  acoustic  targets.  Experiment  1 
confirmed  this  suggestion  (Fendrich,  et  al.  [in  preparation]).  The  facilitatory  effects  of  redundant 
stimulation  via  the  visual  and  auditory  modalities  is  examined  in  Experiment  2  (Nozawa  er  al., 

1990). The  data  suggest  significant  neural  summation,  which  we  attribute  to  bimodal  convergence 
onto  individual  cells  thought  to  mediate  saccadic  command  functions.  Finally,  analytic  methods  for 
establishing  these  conclusions  (Nozawa,  Appendix  m)  and  progress  on  computer-aided 
reconstruction  of  lesion  sites  in  humans  (Tramo  et  al..  Appendix  13)  are  described.  The  detailed 
analysis  of  lesion  site  represents  a  prerequisite  to  future  efforts  to  identify  the  neural  structures  which 
mediate  these  influences  over  oculomotor  efficiency. 
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Introduction 


In  natural  situations,  organisms  must  be  able  to  process  sensory  information 
originating  from  many  different  spatial  locations.  Since  any  information  processing  system 
has  capacity  limitations,  there  is  a  need  for  a  "selection  schedule"  whereby  different  spatial 
locations  are  sampled  serially.  While  there  may  be  instances  in  which  spatially  distributed 
sensory  information  can  be  processed  in  parallel,  there  are  a  great  many  situations  in  which 
serial  processing  is  required.  One  clear  example  of  serial  processing  in  vision  is  the 
sequence  of  fixations  observers  make  when  inspecting  a  complex  scene.  Since  the  greatest 
degree  of  spatial  resolution  is  confined  to  the  area  centralis  or  fovea,  which  represents  only 
O.Ol0!:  of  the  visual  field  (Carpenter,  1977),  there  is  the  need  for  an  elaborate  motor  system 
capable  of  quickly  moving  the  eyes  from  one  area  of  interest  to  another  (i.e..  the  saccadic 
control  system)  and  a  system  for  foveating  objects  in  motion  (i.e.,  the  slow  pursuit 
system).  It  is  hardly  coincidental  that  the  development  of  the  oculomotor  system  attains  its 
greatest  elaboration  in  those  mammalian  species  who  also  have  well-developed  foveas. 
Thus,  eye  position  indicates  the  portion  of  he  visual  field  currently  being  processed  with 
he  greatest  precision,  and  the  fixation  point  is  often  taken  to  indicate  the  current  locus  of 
visual  attention. 

It  would  appear  almost  axiomatic  hat  overt  shifts  of  eye  position  should  be  under 
multimodal  control,  since  objects  located  in  he  visual  periphery  are  likely  to  produce 
stimulus  energy  in  more  than  one  modality.  Thus,  a  visually  camouflaged  object  might  be 
detected  first  in  he  auditory  modality.  This  auditory  input  could  elicit  a  shift  in  eve/head 
position  which  brings  he  image  of  he  object  into  central  vision,  where  he  camouflage  is 
more  likely  to  be  broken.  However,  very  little  information  concerning  the  role  of  auditory 
inputs  in  controlling  eye  position  is  available  (see  however,  Grusser,  1983:  Maher  and 
Lackner,  1980). 

The  discovery  hat  he  superior  colliculus  of  he  midbrain  (SC)  receives  auditory 
inputs  (Meredih  &  Stein,  1983;  Peck,  1987;  Wise  &  Irvine,  1983)  suggests  one  possible 
mechanism  whereby  acoustic  stimuli  might  generate  saccades.  There  is  strong  evidence 
hat  he  superior  colliculus  plays  an  important  role  in  he  generation  of  saccades:  it  receives 
visual  input  from  both  he  retina  and  cortex,  has  efferent  projecuons  to  pre-oculomotor 
brainstem  structures,  and  can  trigger  saccades  when  focally  stimulated  (e.g..  Sparks,  1986; 
Sprague  &  Meikle,  1965;  Wurtz  &  Albano,  1980).  Thus,  he  auditory  input  to  he 
colliculus  represents  a  subcortical  link  between  the  auditory  and  oculomotor  systems. 


The  speed  with  which  a  stimulus  can  elicit  a  saccade  is  also  an  important  parameter 
of  oculomotor  control:  it  is  obviously  desirable  that  the  oculomotor  system  generate 
saccades  as  quickly  as  possible.  In  general,  the  latency  to  initiate  a  saccadic  eye  movement 
to  a  peripheral  target  is  very  similar  to  the  latency  to  initiate  a  simple  manual  response  to  the 
same  target  (e.g..,  Carpenter,  1977;  Hughes  and  Kelsey,  1985).  Under  certain 
circumstances  however,  saccades  can  be  generated  with  extremely  short  latencies  (100-120 
ms  as  compared  with  200-250  ms  for  ordinary  saccades  or  simple  manual  reaction  times 
[RTs]).  These  short-latency  saccades  (referred  to  as  express  saccades  )  are  enabled  when 
the  fixation  point  is  extinguished  200  to  400  ms  prior  to  the  onset  of  the  saccade  target 
(e.g..,  Fischer,  1987).  While  the  mechanisms  underlying  the  production  of  express 
saccades  are  not  well  understood  (see  discussion  by  Reuter-Lorenz,  Hughes  &  Fendrich, 
1990;  included  as  Appendix  I),  it  appears  that  the  superior  colliculus  plays  an  essential  role. 
Thus,  ablation  of  the  SC  in  monkeys  permanently  eliminates  express  saccades  (Sandell, 
Schiller  &  Maunsell,  1984;  Rohrer  &  Sparks,  1986).  These  same  lesions  serve  only  to 
increase  the  latency  of  normal  saccades  (Wurtz  &  Albano,  1980). 

Since  the  SC  is  a  structure  that  appears  to  be  importantly  involved  in  converting 
sensory  signals  to  oculomotor  commands,  it  functions  as  both  a  sensory  and  motor  center. 
The  results  from  an  initial  series  of  experiments  supported  by  AFOSR  Project  #  89-0437 
(Reuter-Lorenz,  Hughes  &  Fendrich,  Appendix  I,  in  press)  are  interpreted  in  terms  of  a 
model  of  express  saccades  which  emphasizes  the  pre-motor  processes  known  to  occur  in 
the  SC.  In  contrast  to  earlier  views  which  attribute  express  saccades  to  enhanced 
processing  of  the  visual  target  (Reulen,  1984a,  1984b)  or  the  early  disengagement  of  visual 
attention  (e.g..,  Fischer,  1987),  Reuter-Lorenz  et  al.  attribute  the  facilitatory  effects  of 
fixation  point  offsets  to  enhanced  pre-saccadic  motor  activity  in  the  deeper  layers  of  the 
superior  colliculus.  This  interpretation  is  based  on  the  two  principle  findings  reported  in 
Reuter-Lorenz  et.al.:  1).  that  the  facilitatory  effects  of  prior  fixation  point  offsets  (hereafter 
referred  to  as  the  "gap  effect")  on  saccadic  latency  are  additive  with  the  effects  of  the 
luminance  of  the  saccadic  target  and  2).  the  facilitatory  effects  of  fixation  point  offsets  is 
specific  for  saccades  directed  towards  the  target  ("pro- saccades").  Tasks  in  which 
saccades  are  to  be  directed  away  from  the  target  ("anti-saccades":  See  Hallett  &  Adams, 
1980)  and  choice  manual  RTs  are  unaffected  by  extinguishing  the  fixation  point  prior  to 
the  delivery  of  the  imperative  stimulus.  Thus,  Reuter-Lorenz  et.al.  (in  press)  suggest  that 
the  response  specificity  is  consistent  with  the  view  that  the  SC  is  essential  for  the 
occurrence  of  express  saccades,  since  the  SC  contains  circuits  important  for  the  production 
of  pro-saccades  but  not  anti-saccades  or  speeded  manual  responses.  The  additivity 
between  the  gap  effect  and  the  effect  of  target  luminance  supports  the  suggestion  that  the 


gap  effect  operates  at  a  "post- sensory"  stage  in  the  neural  processes  that  translate  sensory 
input  into  saccadic  eye  movements. 

Thus,  the  mechanisms  by  which  fixation  point  offsets  facilitate  saccadic  latency  and 
the  functional  character  of  multimodal  convergence  within  oculomotor  centers  are  clearly 
important  issues  in  our  continuing  attempt  to  characterize  the  efficiency  of  oculomotor 
control.  Here  we  report  the  results  of  additional  work  that  derives  directly  from  the 
considerations  of  oculomotor  control  outlined  above.  We  first  demonstrate  that 
extinguishing  the  fixation  point  reduces  the  latency  to  initiate  saccades  for  acoustic  as  well 
as  visual  targets.  Thus,  we  establish  that  "express  saccades"  occur  in  the  auditory  as  well 
as  the  visual  modality.  In  a  second  series  of  experiments,  we  report  on  the  facilitatorv 
effects  of  multimodal  targets  on  the  latency  to  initiate  saccades.  As  was  indicated  in  our 
original  proposal,  true  multimodal  integration  must  be  distinguished  from  latency 
facilitation  produced  by  the  simple  summation  of  stochastically  independent  response  times 
associated  with  each  modality.  We  have  made  a  great  deal  of  progress  in  developing 
analytic  methods  to  distinguish  this  probability  summation  from  neural  summation .  and  we 
outline  the  mathematical  treatment  of  the  data  in  Appendix  EH. 

General  Methods 


Apparatus 

The  basic  apparatus  consists  of  an  array  of  5  stimulus  panels  aligned  on  an  arc  with 
a  radius  of  1 14  cm.  Each  stimulus  panel  contains  a  red  light-emitting  diode  (LED),  a  green 
LED,  and  a  small  (4  cm)  speaker.  The  position  of  each  stimulus  panel  is  adjustable.  In  the 
current  series  of  experiments,  the  panels  are  positioned  at  eccentricities  of  10°  and  20° 
along  the  horizontal  meridian  of  the  left  and  right  visual  fields.  The  green  LED  of  the 
middle  panel  serves  as  a  fixation  point  and  the  red  LEDs  of  the  eccentric  panels  serve  as  the 
visual  targets.  Acoustic  signals  consist  of  brief  (100  ms)  bursts  of  white  noise  delivered 
through  the  speakers  on  the  eccentric  panels.  Both  the  amplitude  of  the  acoustic  targets  and 
the  luminance  of  the  visual  targets  are  controlled  by  12  bit  D/A  converters.  In  order  to 
maintain  equivalent  degrees  of  observer  readiness  across  conditions,  acoustic  warning 
signals  (1000  Hz,  300  ms)  presented  through  the  center  speaker  precede  the  delivery  of 
imperative  targets.  In  order  to  prevent  echoes  which  might  impair  sound  localization 
performance,  the  entire  apparatus  is  enclosed  in  a  large  (1.54  m.  by  1.54  m.  by  .9  m.) 
enclosure  which  is  lined  with  a  sound-absorbing  foam  material  (Sonex™).  A  photograph 
of  the  apparatus  is  shown  in  Fig.  1. 


FIGURE  1 


Interior  view  of  sound-insulated  experimental  chamber. 


Eye  position  is  monitored  using  a  scleral  infra-red  reflection  device  (Narco 
Biosystems™  Model  200  eye  tracker).  The  output  of  the  eye  tracker  is  sampled  via  a  12  bit 
A/D  convener  at  250  Hz,  and  the  digitized  records  are  stored  for  subsequent  off-line  data 
analysis.  In  some  experiments,  saccade  performance  is  compared  to  either  directed  manual 
responses  or  to  simple  manual  reaction  times  (RTs).  Directed  manual  responses  are 
recorded  using  a  inductive  coil  joystick,  which  is  also  sampled  at  250  Hz.  For  this 
condition,  subjects  are  simply  instructed  to  move  the  joystick  in  the  direction  of  the  target's 
location  as  quickly  as  possible.  Simple  manual  reaction  times  are  recorded  by  depressing  a 
microswitch,  which  is  also  sampled  at  250  Hz.  In  this  condition,  subjects  are  instructed  to 
depress  the  microswitch  in  response  to  any  target  as  quickly  as  possible.  Thus,  all 
responses  are  timed  with  equivalent  temporal  resolution.  The  presentation  of  stimuli, 
timing  of  events  and  data  collection  are  all  computer-controlled. 

The  apparatus  is  located  in  an  isolated,  darkened  room.  Data  collection  is  always 
preceded  by  5  min  of  dark  adaptation,  during  which  time  the  eye  tracker  is  adjusted  and  eye 
position  is  calibrated.  Subjects  view  the  display  at  a  distance  of  1 14  cm.  Head  movements 


are  minimized  using  a  bite-plate.  All  subjects  are  emmetropic  (or  are  appropriately 
corrected)  and  have  normal  hearing. 

Response  Detection.  Both  saccades  and  directed  manual  responses  (joystick  movements) 
are  detected  using  a  velocity  criterion.  While  the  detection  of  both  saccades  and  joystick 
responses  is  automatic,  an  experimenter  always  monitors  the  records  in  order  to  insure  that 
misses  or  false  positives  are  not  included  within  the  data  set  In  general,  the  velocity 
criterion  for  saccades  is  set  to  ~  50  deg.  sec'l,  however,  the  criterion  is  sometimes  adjusted 
in  order  to  maximize  the  performance  of  velocity-based  algorithm.  This  is  especially  true  in 
the  case  of  joystick  responses,  which  tend  to  show  greater  variability  than  saccades. 

Preliminary  Testing.  As  might  be  expected,  neurophysiological  (Stein  et  al.,  1989)  and 
behavioral  data  (Miller,  1986)  indicate  that  the  magnitude  of  summation  effects  between 
two  different  modalities  depend  upon  central  simultaneity  of  the  arrival  times  for  the  two 
inputs.  Therefore  we  obtain  extensive  preliminary  data  comparing  average  response  times 
to  both  visual  and  auditory  targets  in  order  identify  stimulus  energies  that  produce 
equivalent  latencies  in  each  subject.  This  is  important  because  a  large  mismatch  in  the 
response  times  for  each  modality  would  minimize  our  ability  to  detect  intersensory 
facilitation  (the  presumption  is  that  the  central  arrival  times  from  each  modality  should  be 
nearly  simultaneous  since  a  large  asynchrony  between  modalities  will  not  produce  the 
enhanced  neural  activity  that  underlies  the  effect). 

The  analytical  methods  described  in  Appendix  in  utilized  the  entire  distribution  of 
response  latencies  rather  than  simple  comparisons  of  summary  statistics,  and  therefore 
permit  us  to  relax  the  requirement  of  central  simultaneity.  This  not  only  maximizes  the 
sensitivity  of  our  measures  of  summation  between  modalities,  but  has  the  additional 
advantage  of  providing  our  observers  with  extensive  practice  on  the  various  tasks  prior  to 
the  formal  collection  of  data. 

EXPERIMENT  1  EFFECTS  OF  PRIOR  OFFSET  OF  FIXATION  POINT 
ON  THE  LATENCY  OF  SACCADIC  EYE  MOVEMENTS:  A  COMPARISON 
BETWEEN  VISUAL  AND  ACOUSTIC  TARGETS 


Introduction 

Extinguishing  the  fixation  stimulus  200-300  ms  prior  to  the  onset  of  an  eccentric 
visual  target  (the  "gap  paradigm")  reduces  the  latency  of  a  saccade  directed  towards  that 
target  (e.g.,  Saslow,  1967;  Fischer  &  Breitmeyer,  1987).  Fischer  (1987)  referred  to  these 


short  latency  saccades  as  express  saccades.  The  factors  responsible  for  the  production  of 
express  saccades  are  not  yet  understood.  The  latency  reduction  observed  in  the  gap 
paradigm  has  been  variously  attributed  to  1)  enhanced  processing  of  the  visual  target  (e.g.., 
Reulen,  1984a,  1984b),  or  2)  several  possible  efferent  factors  which  ordinarily  serve  to 
delay  the  programming  of  saccades  (Kalesnykas  &  Hallett,  1987;  Saslow,  1967).  A  third 
possibility,  that  fixation  point  offsets  facilitate  the  disengagement  of  attention  and  thus 
permit  more  rapid  execution  of  the  motor  program  has  also  been  suggested  (Fischer  & 
Breitmeyer,  1987). 

The  findings  of  Reuter-Lorenz  et  al.(in  press)  were  interpreted  as  arguing  against 
sensory  facilitation  models.  Rather,  Reuter-Lorenz  et  al.  suggest  that  fixation  point  offsets 
facilitate  pre-motor  processes.  It  is  known  that  neurons  in  the  deeper  layers  of  the  superior 
colliculus  increase  their  rates  of  discharge  20-30  ms  prior  to  the  occurrence  of  saccadic  eye 
movements.  Tne  activity  of  these  "pre-saccadic  burst"  neurons  is  dependent  on  the 
particular  vector  of  the  ensuing  saccade:  each  cell's  burst  is  specific  for  a  particular  saccade 
vector.  In  addition,  these  cells  increase  their  activity  prior  to  "spontaneous"  saccades  made 
in  darkness.  These  response  characteristics  suggests  that  the  cells  in  the  deeper  layers  of 
the  SC  are  pan  of  a  motor  command  system  for  the  initiation  of  saccades,  an  interpretation 
consistent  with  the  fact  that  many  of  these  ceils  project  to  an  area  of  the  pons  known  to 
control  motoneurons  of  the  extraocular  muscles.  Thus,  Reuter-Lorenz  et  al.  suggest  that 
the  occurrence  of  express  saccades  may  rely  to  a  large  extent  on  the  activity  of  the  pre- 
saccade  burst  neurons  in  the  deeper  layers  of  the  SC,  a  suggestion  consistent  with  findings 
that  lesions  of  the  SC  abolishes  the  occurrence  of  express  saccades  but  not  regular  saccades 
(e.g.,  Sandell  et.  al.,  1984). 

Recently  is  has  become  clear  the  many  of  these  cells  receive  convergent  visual  and 
auditory  inputs  (e.g.  Jay  &  Sparks,  1990;  Stein  et  al.,  1989),  suggesting  a  possible  circuit 
whereby  acoustic  inputs  can  achieve  control  over  the  oculomotor  system.  Interestingly, 
there  is  good  correspondence  between  the  visual  and  auditory  receptive  fields  of  these  cells, 
an  obvious  requirement  of  a  system  designed  to  direct  the  eyes  to  the  source  of  either  visual 
or  auditory  events.  The  interpretation  of  express  saccades  suggested  by  Reuter-Lorenz  et 
al.,  in  conjunction  with  the  convergence  of  multimodal  inputs  on  pre-saccadic  burst 
neurons,  naturally  leads  to  the  suggestion  that  fixation  point  offsets  might  facilitate 
saccadic  latencies  to  auditory  as  well  as  visual  targets.  The  present  experiment  is  designed 
to  evaluate  this  possibility. 


Methods  and  Procedures 

The  design  of  the  apparatus  and  the  method  of  recording  eye  movements  are 
described  in  the  General  Methods  section  of  this  report.  The  saccade  target  was  300  ms  in 
duration  and  consisted  of  a  white  noise  burst  (  90  dB)  or  the  illumination  of  a  red  LED 
(0.7  cd/m2).  Pilot  data  indicated  that  these  stimulus  intensities  produced  approximately 
equivalent  response  times.  The  visual  and  acoustic  targets  were  positioned  at  10°  to  the  left 
or  right  of  the  fixation  LED.  Each  block  consisted  of  72  trials.  On  half  of  the  trials  the 
fixation  light  (a  centrally  placed  green  LED)  was  extinguished  200  ms  prior  to  the  onset  of 
the  saccade  target  (gap  trials)  and  on  the  other  half,  the  fixation  light  remained  on 
throughout  the  trial  (overlap  trials).  To  discourage  anticipatory  responding,  1 1%  of  the 
trials  were  catch  trials  in  which  no  target  event  occurred.  The  remaining  trials  consisted  of 
an  equal  number  of  acoustic  and  visual  targets.  Fixation  condition  and  target  modality 
varied  randomly  within  each  block.  Six  observers  served  as  subjects.  Each  was  an 
experienced  subject  in  oculomotor  experiments.  Data  were  collected  over  the  course  of  7 
experimental  blocks.  Each  block  consisted  of  72  trials.  Thus,  each  subject  generated  112 
observations  for  each  of  the  four  conditions  (gap-visual  target:  overlap-visual  target;  gap- 
acoustic  target;  overlap-acoustic  target). 

Results 

As  previously  reported  by  Jay  and  Sparks  (1990),  saccades  to  acoustic  targets 
tended  to  occur  in  pairs  in  which  the  first  and  second  saccade  were  of  similar  magnitude. 
Similar  "double  step"  saccades  are  generated  in  the  anti-saccade  task  (cf.,  Hallett  &  Adams, 
1980;  Reuter-Lorenz  et  al.,  in  press),  suggesting  that  double  saccades  might  be 
characteristic  of  saccadic  motor  programs  generated  without  visual  guidance.  The 
determination  of  saccade  latency  is  of  course  based  on  the  timing  of  the  first  saccade  in 
such  cases. 

The  average  latency  of  the  saccades  obtained  in  each  trial  condition  are  illustrated  in 
Fig.  2.  It  is  evident  that  the  latencies  of  both  visual  and  auditory  saccades  was  reduced  by 
prior  fixation  point  offsets.  This  effect  was  confirmed  by  an  analysis  of  variance  (ANOVA) 
on  the  individual  subject  means  which  indicated  that  only  the  main  effect  for  fixation 
condition  was  significant,  F(l,5)=  12.98;  p<.02.  The  average  magnitude  of  this  "gap 
effect"  was  42.5  ms  for  visually  guided  saccades  and  31.5  ms  for  acoustically  guided 
saccades.  Although  the  magnitude  of  the  effect  appears  slightly  larger  for  the  visual 
targets,  the  interaction  term  in  the  ANOVA  is  not  significant,  F(l,5)=  4.49;  p<.09. 
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Discussion 

The  results  provide  a  clear  indication  that  fixation  point  offsets  can  facilitate  the 
latency  of  saccadic  eye  movements  triggered  by  auditory  targets.  The  data  therefore  are 
commensurate  with  a  model  of  express  saccades  which  emphasizes  premotor  factors  rather 
than  sensory  accounts  ^f  the  gap  effect  In  particular,  Reulen  proposed  that  fixation  point 
offsets  exert  their  effects  specifically  within  the  early  stages  of  the  visual  system,  by 
facilitating  the  processing  of  visual  events  (Reulen,  1984a;  1984b).  Together  with  the 
results  of  Reuter-Lorenz  et  al.(in  press),  the  present  finding  of  a  gap  effect  for  auditory 
targets  is  inconsistent  with  Reulen's  account. 

The  attention  based  account  of  express  saccades  proposed  by  Fischer  and 
Breitmeyer  is  also  incompatible  with  the  present  observations.  A  number  of  studies  have 
demonstrated  that  responses  to  auditory  targets  are  unaffected  by  spatial  precues, 
suggesting  that  prior  attentional  orienting  is  not  necessary  for  detecting  auditory  signals 
(Buchtel  &  Butter,  1989;  Posner,  1978).  Thus,  in  the  very  least,  the  attentional 
disengagement  hypothesized  by  Fischer  and  Breitmeyer  (1987)  appears  to  differ  in 
important  ways  from  that  hypothesized  on  the  basis  of  precuing  experiments  (see  Appendix 
I  for  a  discussion  of  this  point). 

The  finding  that  fixation  point  offsets  facilitate  saccades  to  both  auditory  and  visual 
targets  is  however  consistent  with  the  view  that  fixation  release  operates  at  a  stage  of 
oculomotor  processing  that  is  later  than  the  stage  which  is  common  to  both  auditory  and 
visual  inputs.  The  functional  nature  of  this  convergence  of  audimry  and  visual  information 
is  addressed  in  Experiment  2. 
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EXPERIMENT  2.  THE  EFFECTS  OF  BIMODAL  STIMULATION  ON 

SACCADE  LATENCY 


Introduction 

Even  causal  experience  indicates  that  either  visual  or  auditory  events  can  elicit 
saccadic  eye  movements  which  serve  to  align  the  fovea  with  the  source  of  the  sdmulus. 
Recent  electrophysiological  work  has  revealed  a  neural  mechanism  that  appears  designed  to 
allow  this  multimodal  control  of  saccades:  individual  neurons  within  the  deeper  layers  of 
the  superior  colliculus  receive  convergent  visual  and  auditory  inputs  (e.g..  Jay  & 
Sparks,1987;  Peck,  1987;  Meredith  &  Stein,  1987).  The  coordinates  of  the  visual  and 
auditory  receptive  fields  are  usually  in  spatiotopic  register,  and  spatially  aligned  bimodal 
inputs  often  elicit  unit  discharges  that  are  substantially  more  robust  than  the  responses 
evoked  using  either  modality  alone  (Meredith  &  Stein,  1987).  Jay  and  Sparks  (1987) 
report  that  many  pre-saccadic  burst  (PSB)  neurons  receive  convergent  visual  and  auditory 
inputs,  suggesting  that  the  two  modalities  might  show  particular  types  of  facilitatory 
■interactions  in  controlling  oculomotor  responses.  The  present  experiment  represents  an 
initial  attempt  to  determine  the  degree  to  which  spatially  coincident  auditory  and  visual 
targets  can  facilitate  the  latency  to  initiate  saccades  relative  to  the  latencies  associated  with 
stimuli  of  either  modality  presented  alone.  The  experiment  thus  addresses  the  issue  of 
intersensory  facilitation  in  the  saccadic  control  system. 

Central  to  a  behavioral  analysis  of  intersensory  facilitation  is  the  question  of 
whether  the  facilitatory  effects  of  bimodal  stimulation  are  sufficiently  robust  to  rule  out  the 
possibility  that  the  bimodal  responses  times  are  simply  determined  by  which  ever  modality 
is  detected  first  (equivalent  to  the  operation  of  a  logical  OR  gate).  As  the  detection  times 
associated  with  each  modality  are  themselves  random  variables,  some  reduction  in 
responses  times  is  expected  in  a  system  which  applies  such  an  OR  operation  to  otherwise 
independent  sensory  channels,  an  effect  known  as  probability  summation.  It  is  therefore 
essential  to  distinguish  between  true  neural  summation  and  the  facilitatory  effects  that  are 
accountable  on  the  basis  of  simple  probability  summation.  Our  approach  to  this  issue  is 
being  developed  by  Mr.  G.  Nozawa,  a  graduate  student  in  Psychology  at  Dartmouth  who 
is  supported  by  AFOSR  grant  #  89-0437.  The  details  of  the  mathematical  treatment  are 
presented  in  Appendix  III  of  this  report.  In  general,  we  compare  the  distributions  of 
response  times  to  bimodal  stimuli  to  the  distributions  associated  with  unimodal  stimuli 
using  the  laws  of  the  joint  probability  of  independent  events.  If  the  facilitatory  effects  of 


bimodal  stimulation  exceed  those  predicted  on  the  basis  of  the  summation  of  independent 
events,  simple  probability  summation  can  be  rejected. 

Methods  and  Procedures 

Apparatus.  The  apparatus  was  the  same  as  in  the  previous  experiments,  although  the 
eccentricity  of  the  targets  was  increased  to  20  deg.  of  arc.  Eye  movements  were  recorded 
and  analyzed  as  before.  In  addition  to  measuring  saccade  latencies  to  auditory,  visual  and 
bimodal  targets,  we  included  sessions  in  which  the  observers  were  required  to  generate 
manual  responses  under  similar  conditions.  The  purpose  of  these  conditions  was  to 
compare  the  degree  of  intersensory  facilitation  for  different  response  systems. 

Two  kinds  of  manual  responses  were  examined.  Directed  manual  responses ,  like 
saccades,  required  a  response  that  was  determined  by  the  location  of  the  target.  Directed 
manual  responses  were  recorded  using  an  inductive-coil  joystick.  The  subjects  were 
simply  required  to  push  the  joystick  in  the  direction  of  the  eccentric  target  as  quickly  as 
possible.  Thus,  these  directed  responses  require  location  information  ;just  as  in  saccades) 
but  utilize  a  different  response  system.  The  joystick  position  was  sampled  using  D/A 
convertors  just  as  in  the  saccades  (250  Hz  sampling  rate)  and  the  direction  and  latency  of 
the  movements  were  analyzed  in  a  similar  manner.  The  second  type  of  manual  response 
was  a  simple  reaction  to  the  target  onset.  In  this  condition  then,  the  location  of  the  target  is 
irrelevant  to  the  performance  of  the  task.  Subjects  simply  depressed  a  microswitch  in 
response  to  the  target,  and  the  latency  of  this  response  was  the  dependent  measure. 

Preliminary  Procedures. 

In  order  to  identify  stimulus  intensities  that  produce  equivalent  latencies,  observers 
were  first  run  in  a  series  of  experimental  sessions  in  which  we  measured  their  response 
latency  as  a  function  of  stimulus  intensity  for  both  auditory  (100  ms  w  hite  noise  bursts)  or 
visual  (red  LEDs)  targets.  There  were  64  trials  in  each  session.  Each  trial  began  with  a 
warning  tone,  followed  by  either  a  visual  or  auditory  target  (there  were  no  bimodal 
stimulus  trials  in  these  preliminary  sessions).  Auditory  and  visual  target  trials  were 
randomly  mixed  throughout  the  session,  but  were  presented  with  equal  frequency.  Four 
different  stimulus  intensities  were  used  for  each  modality,  and  the  stimulus  intensity  and 
target  location  (left  vs.  right)  also  varied  randomly  across  trials.  Four  of  these  preliminary 
sessions  were  run  for  each  response  system  (saccades,  directed  manual  responses,  simple 
manual  responses),  so  each  data  point  of  the  obtained  intensity-RT  function  is  based  on 
approximately  30  observations.  The  intensity-RT  curves  were  used  to  select  visual  and 


auditory  stimulus  levels  which  produced  comparable  response  times  for  use  in  the  formal 
portion  of  the  experiment.  This  preliminary  testing  was  done  for  each  of  the  three 
responses  to  insure  that  the  intensity  matches  were  appropriate  for  each  response  condiden. 

Subjects. 

To  date  three  normal  observers  have  participated  in  all  phases  of  the  experiment. 
Two  others  have  participated  in  a  subset  of  the  conditions,  but  we  report  here  only  the  data 
of  subjects  who  have  completed  the  experiment.  Each  was  emmetropic  or  wore  the 
appropriate  optical  correction.  Each  had  normal  hearing.  The  subjects  were  paid  for  their 
participation. 

Formal  Procedures. 

When  intensities  which  produced  equivalent  latencies  for  the  visual  and  auditor- 
targets  were  identified,  formal  data  collection  began.  Each  (  Tver  participated  in  15 
experimental  sessions  of  60  trials  each.  Typically,  a  subject  was  tested  for  2-3  sessions  per 
day.  Each  session  contained  trials  in  which  the  imperative  target  was  presented  in  either  the 
auditory  modality,  the  visual  modality  or  both.  Each  target  type  occurred  with  equal 
frequency  in  a  randomized  order.  In  addition,  the  location  of  the  targets  (20  deg.  on  either 
side  of  fixation)  was  randomized.  The  data  reported  below  are  based  on  at  east  100 
observations  for  each  stimulus  condition  (auditory,  visual  or  bimodal)  in  each  of  the  three 
observers. 

Results 

The  averaged  RTs  for  auditory,  visual  and  bimodal  targets  are  illustrated  in  Fig. 

The  left  portion  shows  the  saccade  latencies,  the  middle  shows  the  directed  manual 
responses,  and  the  bright  portion  shows  the  simple  manual  response  times.  It  can  be  seen 
that  for  both  types  of  directed  response  conditions,  bimodal  stimulation  appreciably 
reduced  response  times.  As  pointed  out  in  the  Introduction  to  Experiment  II,  this  reduction 
in  response  time  could  be  accounted  for  on  the  basis  of  simple  probability  summation 
between  independent  visual  and  auditory  signal  processing.  The  important  issue  then,  is  :o 
establish  whether  the  magnitude  of  bimodal  facilitation  exceeds  the  level  predicted  on  the 
basis  of  simple  summation  of  independent  sensory  channels.  If  so,  then  the  data  cannot  be 
solely  attributed  to  probability  summation.  In  this  case,  we  should  like  to  interpret  the 
results  as  behavioral  evidence  of  neural  summation  between  the  auditory  and  visual 
modalities.  In  the  case  of  the  saccade  task,  this  summation  is  likely  the  result  of 
convergence  of  visual  and  auditory  information  onto  individual  neurons  importantly 


involved  in  the  generation  of  saccades;  i.e.,  the  bimodal  pre-saccade  burst  neurons  known 
to  exist  in  the  deeper  layers  of  the  superior  colliculus.  We  now  turn  to  an  analysis  that 
allows  us  to  evaluate  whether  the  degree  of  bimodal  facilitation  is  greater  than  that 
attributable  to  probability  summation  alone. 
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Evidence  of  Neural  Summation  based  on  Analysis  of  Survivor  Functions  ;S  measure) 

As  described  in  Appendix  HI,  we  have  two  alternative  measures  of  the  expected 
magnitude  of  bimodal  facilitation  assuming  statistical  independence  of  the  auditory  and 
visual  channels.  First,  we  have  the  measure  devised  by  G.  Nozawa.  termed  the  S 
measure.  This  measure  is  based  on  comparisons  between  the  survivor  functions  obtained 
from  the  two  unimodal  conditions  with  that  obtained  in  the  bimodal  condition  (Eq  3  of 
Appendix  HI).  If  the  bimodal  survivor  function  is  generated  by  a  logical  OR  applied  to  the 
near  simultaneous  arrival  of  visual  and  auditory  afferent  activity  (often  called  the  "horse 
race  model”),  then  the  expected  value  of  the  S  measure  is  0.  If  the  degree  of  bimodal 
facilitation  is  greater  than  that  predicted  by  the  horse  race  model,  then  the  S  measure 
assumes  negative  values.  Our  analysis  therefore  computes  the  S  measure  along  the  entire 
domain  of  the  survivor  functions  (i.e.,  throughout  the  entire  range  of  response  latencies). 

Obtained  S  measures  for  3  subjects  are  shown  in  Fig.  5a  -c.  The  top  panel  in  each 
figure  represents  the  data  for  saccades,  directed  manual  responses  are  shown  in  the  middle 
panel,  and  simple  manual  responses  appear  in  the  lower  panel.  It  can  be  see  that  there  is  a 
clear  ordering  of  the  magnitude  of  the  S  measure  between  the  three  response  conditions 
(saccades>directed  manual  responses>simp!e  manual  responses).  The  data  provide  clear 
indications  that  the  magnitude  of  bimodal  summation  for  saccades  exceeds  that  predicted  by 
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probability  summation,  and  therefore  strongly  suggest  the  existence  of  neural  summation  of 
the  auditory  and  visual  targets  for  this  task.  In  contrast,  directed  manual  and  simple  manual 
RTs  provide  little  evidence  of  facilitation  beyond  that  expected  by  probability  summation 
alone  (the  S  measure  values  remain  near  0).  This  analysis  shows  that  auditory  and  visual 
information  probably  do  converge  (in  a  facilitatory  manner)  onto  neural  mechanisms  that 
play  an  important  role  in  the  execution  of  saccades.  The  results  also  provide  little  reason  to 
invoke  facilitatory  neural  convergence  in  order  to  account  for  the  magnitude  of  summation 
particularly  in  the  for  simple-manual  task.  For  two  of  the  subjects  (S2  and  S3),  however, 
there  is  a  suggestion  of  some  degree  of  neural  summation  for  directed  manual  responses.  It 
seems  quite  reasonable  to  suppose  that  the  world  of  sensory  interactions  is  not  simply 
limited  to  two  states  (either  probability  summation  or  neural  summation);  various  degrees 
of  neural  summation  clearly  seem  possible.  A  method  for  distinguishing  between  levels  of 
neural  summation  is  being  developed  by  a  member  of  our  group  (G.  Nozawa)  and  is 
outlined  in  Appendix  III,  so  we  should  be  able  to  apply  tests  of  statistical  significance  to 
differences  in  the  S  measure  in  the  near  future. 

An  application  of  Miller's  inequality  (Eq.  1  of  Appendix  III)  is  illustrated  in  Fig. 

6a-c.  In  this  case  it  is  positive  values  provide  the  strongest  evidence  for  neural  summation 
between  the  auditory  and  visual  inputs.  It  can  be  seen  that  the  saccade  data  are  consistently 
greater  than  zero.  Thus,  both  measures  indicate  the  existence  of  neural  summation  between 
visual  and  auditory  channels  in  the  generation  of  saccadic  eye  movements. 

Discussion 

These  performance  data  support  the  following  conclusions:  1)  the  human 
oculomotor  system  combines  localized  auditory  and  visual  information  to  a  degree  that  is 
substantially  greater  than  that  expected  according  to  simple  probability  summation;  2)  the 
neural  mechanisms  that  underlie  directed  manual  responses  and  simple  manual  responses  to 
bimodal  stimulation  may  simply  be  triggered  by  whichever  modality  is  detected  first 
(logical  OR  applied  to  the  inputs). 

In  the  case  of  saccades,  the  most  parsimonious  interpretation  is  to  suggest  that  the 
observed  degree  of  intersensory  facilitation  is  supported  by  the  convergence  visual  and 
auditory  afferents  onto  pre-saccadic  burst  neurons  within  the  deeper  layers  of  the  superior 
colliculus  (e.g.  Peck,  1986;  Jay  &  Sparks,  1987).  ihis  interpretation  would  receive 
strong  additional  support  if  it  could  be  shown  that  intersensory  facilitation  of  saccades 
depends  on  the  spatial  alignment  of  the  visual  and  auditory  inputs  in  a  manner  similar  to 
that  already  described  for  the  pre-saccadic  burst  neurons  by  Meredith  and  Stein  (1987). 

Much  of  our  future  efforts  supported  by  AFOSR  grant  #  89-0437  are  designed  to  examine 
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the  role  of  spatial  correspondence  of  the  visual  and  auditory  inputs  and  should  therefore 
substantially  clarify  this  issue. 

The  evidence  for  neural  summation  in  the  directed  manual  response  task  is  very- 
weak  in  comparison  to  that  obtained  for  saccades,  and  provides  only  minimal  support  for 
the  importance  of  visual  and  auditory  convergence  onto  neural  elements  involved  in  the 
execution  of  this  task.  The  functional  organization  of  the  colliculus  makes  it  unlikely  ±at  it 
plays  an  important  role  in  the  initiation  of  directed  manual  responses,  although  similar 
kinds  of  mechanisms  might  exist  to  control  manual  responses  that  are  guided  by  the 
location  of  either  visual  or  auditory  targets  (e.g.,  polymodal  association  cortex  of  the 
parietal  lobe:  cf.  Anderson,  1987).  As  in  the  case  of  saccades,  a  reasonable  working 
hypothesis  is  that  bimodal  convergence  within  pathways  that  are  largely  sensory  in  nature 
are  likely  to  depend  upon  the  spatial  alignment  of  the  inputs.  Thus,  the  importance  of 
examining  the  effects  of  spatial  alignment  of  the  visual  and  auditory  inputs  is  again 
suggested,  and  we  intend  to  investigate  this  issue  concurrently  using  each  of  our  three 
model  response  systems. 

In  summary,  we  present  evidence  that  the  degree  of  intersensorv  facilitation 
produced  by  spatially  coincident  visual  and  auditory  targets  varies  with  the  response 
requirements  of  the  task.  In  the  case  of  saccades,  the  facilitatory  effects  are  commensurate 
with  the  notion  of  neural  summation  of  the  auditory  and  visual  channels  somewhere  within 
the  oculomotor  pathway.  The  superior  colliculus  appears  to  represent  a  good  candidate 
structure  in  the  case  of  intersensory  facilitation  of  saccades.  The  issue  with  respect  to 
directed  manual  responses  is  less  clear.  It  is  noteworthy  that  an  examination  of  the  means 
displayed  in  Fig.  4  suggested  a  substantial  degree  of  facilitation  for  both  saccades  and 
directed-manual  responses.  However,  the  S-Measure  (Nozawa,  Appendix  III;  Fig  5a-c) 
clearly  indicates  that  a  substantial  amount  of  neural  summation  was  only  found  for 
saccades.  The  effects  of  presenting  visual  and  auditory  targets  that  are  out  of  spatial 
register  should  be  quite  informative  and  therefore  are  of  high  priority  in  our  future  work. 

Finally,  the  neuroanatomical  location  of  the  site  of  this  bimodal  convergence  is  of 
obvious  importance.  The  later  phases  of  this  project  are  intended  to  examine  the  effects 
described  in  this  report  in  a  set  of  carefully  selected  neurological  patients  (described  in  our 
original  proposal).  Careful  psychophysical  studies  of  sensory-motor  performance  in  such 
patients,  in  conjunction  with  a  detailed  neuroanatomical  analysis  of  lesion  site  (made 
possible  by  the  brain  printing  methodology  described  in  Appendix  II  of  this  report; 

Jouandet  et  al,  1990;  Thomas  et  al.,  1990;  Tramo  et  al.,  1990),  has  great  potential  for 
providing  important  information  concerning  the  brain  regions  that  actually  support  these 
forms  of  interactions  between  sensory  modalities. 
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Abstract 

The  latency  to  initiate  a  saccade  (saccadic  reaction  time)  to  an  eccentric  target  is  reduced 
by  extinguishing  the  fixation  stimulus  prior  to  the  target  onset.  Various  accounts  have 
attributed  this  latency  reduction  (referred  to  as  the  "gap  effect")  to  facilitated  sensory 
processing,  oculomotor  readiness  or  attentional  processes.  Two  experiments  explored  the 
relative  contributions  of  these  factors  to  the  gap  effect.  Experiment  1  demonstrates  that  the 
reduction  in  saccadic  reaction  time  (RT)  produced  by  fixation  point  offset  is  additive  with  the 
effect  of  target  luminance.  Experiment  2  indicates  that  the  gap  effect  is  specific  for  saccades 
directed  towards  a  peripheral  target  and  does  not  influence  saccades  directed  away  from  the 
target  (i.e.  anti-saccades)  or  choice  manual  RT.  The  results  are  consistent  with  an 
interpretation  of  the  gap  effect  in  terms  of  facilitated  premotor  processing  in  the  superior 
colliculus. 
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The  Reduction  of  Saccadic  Latency  by  Fixation  Point  Offset: 

An  Analysis  of  the  "Gap  Effect" 

The  latency  to  inititiate  a  saccade  in  response  to  an  eccentric  target  is  typically  on  the 
order  of  180-250  ms  (Carpenter,  1977;  Wheeless,  Boynton  &  Cohen.  1966).  Saccadic  reaction 
times  (RT)  can  be  substantially  reduced,  however,  by  simply  extinguishing  the  fixation 
stimulus  200-300  ms  prior  :o  target  onset  (e.g.  Fischer  &  Ramsperger.  1984;  Saslovv.  1967  ). 
In  addition  to  reducing  the  average  latency  of  saccades,  a  temporal  gap  between  fixation  point 
offset  and  target  onset  (referred  to  as  the  "gap  condition")  may  produce  a  subpopulation  of 
saccades  with  a  modal  latency  of  120  ms  (Fischer  &  Ramsperger.  1984.  1986).  These  have 
been  called  "express  saccades"  (e.g.,  Fischer  &  Boch,  1983;  Fischer  Sc  Breitmever,  1987; 
Fischer,  1987).  The  latency  reduction  produced  by  fixation  stimulus  offsets  have  been 
variously  attributed  to  facilitated  sensory  processing  (e.g.  Reulen,  1984a),  oculomotor 
readiness  (Kalesnvkas  &  Hallett,  1987;  Saslow,  1967)  or  to  attentional  factors  (e.g., 

Fischer,  1987).  The  present  experiments  examined  the  effects  of  target  luminance  and  response 
requirements  in  an  attempt  to  clarify  the  basis  of  latency  facilitation  in  the  gap  condition. 

Fixation  point  offsets  could  conceivably  exert  their  effect  by  altering  visual  sensitivity. 
It  might  be  easier,  for  instance,  to  detect  eccentric  flashes  in  a  blank  field  than  in  the  presence 
of  a  fixation  stimulus.  This  possibility  is  considered  in  Reulen’s  mode!  (1984a;  1984b)  which 
attributes  latency  reduction  in  the  gap  condition  to  enhanced  processing  of  the  visual  target. 

This  model  assumes  that  saccadic  RT  represents  the  linear  sum  of  several  serially  organized 
processing  stages.  Following  Grice's  random  threshold  theory  of  response  latency  (Grice 
1968),  the  model  assumes  a  "sensory  stage"  in  which  neural  responses  to  signal  onset 
accumulate  until  a  threshold  is  reached.  Subsequent  events  represent  oculomotor  programming 
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and  efferent  processes.  In  this  model  the  accumulation  rate  is  a  direct  function  of  signal 
intensity  and  is  constant  over  rime. 


Figure  1  about  here 


Reulen’s  model  accounts  for  the  reduction  in  latency  in  the  gap  condition  by 
hypothesizing  that  fixation  point  offsets  increase  the  rate  at  which  the  sensory  activity 
accumulates.  The  main  features  of  Reulen's  model  are  portrayed  in  Figure  1  which  depicts  the 
accumulation  of  sensory  activity  over  time  for  bright  and  dim  flashes.  Given  a  constant 
threshold,  it  is  evident  that  bright  targets  will  reach  threshold  faster  than  dim  ones.  This 
model  also  predicts  that  the  latency  difference  between  gap  and  overlap  conditions  shouid 
increase  with  decreasing  target  luminance.  We  tested  this  possibility  directly  in  the  firs: 
experiment  by  measuring  saccadic  RT  to  high  and  low-luminance  targets  presented  with  and 
without  a  central  fixation  stimulus. 


EXPERIMENT  1 


Method 

Subjects.  The  subjects  were  eight  Dartmouth  undergraduates  and  two  of  the  authors 
(PRL  and  HCH).  All  subjects  had  normal  vision  or  were  corrected  by  contact  lenses. 

Apparatus.  Three  computer-controlled  red  light  emitting  diodes  (LED's)  served  as 
the  saccade  targets  and  the  fixation  stimulus.  At  the  viewing  distance  of  57  cm.  each  LED 
subtended  0.5°  visual  angle.  The  target  LED’s  were  positioned  7.0°  to  the  right  or  left  of  the 
fixation  light.  The  luminance  of  the  fixation  light  was  0.8  cd/m2.  Target  luminance  was  either 
40  cd/m2  (bright  targets)  or  0.4  cd/m2  (dim  targets).  Luminance  was  controlled  by  varying 
the  voltages  applied  to  each  lamp  via  digital  to  analog  converters.  The  position  of  the  left  eye 
was  monitored  using  the  Eye-trac  200  infra-red  scleral  reflection  device  which  has  a  resolution 


Saccadic  Latency  Reduction  5 


of  .25°  and  a  0-250  Hz.  bandwidth.  The  eye  position  signal  was  digitized  at  a  sampling  rate 
of  250  Hz.  Head  movements  were  minimized  by  a  chinrest/head  restraining  assembly. 

Design  and  Procedure.  This  experiment  compared  the  effects  of  two  levels  of 
target  luminance  on  saccadic  RT  under  the  gap  and  overlap  conditions.  In  the  overlap 
condition  the  fixation  Light  was  illuminated  at  the  start  and  remained  present  throughout  the 
trial.  In  the  gap  condition  the  fixation  point  was  illuminated  at  the  start  of  the  trial  but  was 
extinguished  200  ms  prior  to  the  onset  of  the  eccentric  saccade  target.  Previous  work  has 
indicated  that  optimal  gap  effects  can  be  obtained  with  a  200  ms  gap  interval  (e.g.  Fischer  & 
Breitmever.  1987;  Saslow,  1967). 

The  procedure  used  in  this  and  the  following  experiment  included  several  features 
designed  to  equate  response  readiness  and  minimize  anticipatory  responses.  In  previous 
investigations,  fixation  point  offsets  may  have  alerted  the  observer  to  the  imminent  occurrence 
of  the  visual  target,  perhaps  resulting  in  faster  responses  than  in  the  overlap  condition  in  which 
no  warning  event  occurred.  In  an  effort  to  equate  warning  cues  in  the  gap  and  overlap 
conditions,  an  auditory  warning  tone  (1000  Hz.)  preceded  the  target  on  all  trials.  The  warning 
tone  was  presented  via  a  speaker  positioned  directly  below  the  fixation  LED.  To  minimize 
anticipatory  responses,  the  positions  of  the  target  were  unpredictable,  and  both  fixation 
conditions  included  catch  trials  (20%)  in  which  no  target  was  presented.  Gap  and  overlap  trials 
occurred  randomly  and  with  equal  frequency  wtithin  each  block  of  76  trials. 


Figure  2  about  here 


A  schematic  illustration  of  the  events  in  each  trial  is  presented  in  Figure  2.  Each  trial 
began  with  the  illumination  of  the  fixation  light.  After  900  ms,  the  100  ms  warning  tone  was 
presented.  In  the  gap  condition,  the  fixation  light  was  extinguished  simultaneously  with  the 
offset  of  the  warning  tone,  and  following  a  200  ms  dark  interval  either  the  right  or  left  LED 
was  illuminated  for  300  ms.  In  the  overlap  condition,  the  target  was  presented  200  ms  after  the 
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offset  of  the  warning  tone,  but  the  fixation  light  remained  on  until  500  ms  after  target  offset. 
Bright  and  dim  targets  were  presented  randomly  within  a  trial  block  and  occurred  equally  often 
in  gap  and  overlap  trials.  The  subjects  were  instructed  to  maintain  central  fixation  until  the 
onset  of  the  eccentric  target,  at  which  point  they  were  to  look  at  the  target  as  rapidly  as 
possible. 

Each  subject  participated  in  at  least  two  practice  blocks  of  76  trials  each,  followed  by 
six  experimental  blocks  run  over  a  five  day  period.  A  maximum  of  two  trial  blocks  were  run 
in  each  experimental  session. 

Data  Analysis.  Saccades  were  detected  automatically  using  a  velocity  criterion  (>80 
deg  sec1),  but  were  verified  by  the  experimenters.  The  temporal  interval  between  the  onset  of 
the  target  and  the  beginning  of  the  saccade  w'as  taken  as  the  saccadic  latency.  Following 
previous  studies  (e.g.  Fischer  &  Rampsberger,  1984,  1986),  latencies  less  than  80  ms  were 
counted  as  anticipations.  Latencies  longer  than  700  ms  were  considered  misses  and  excluded 
from  the  analyses.  Saccade  magnitudes  and  peak  velocities  were  computed  using  calibration 
data  obtained  immediately  prior  to  each  session. 

Results 

The  latency  data  for  bright  and  dim  targets  in  the  gap  and  overlap  conditions  are  plotted 
in  Figure  3.  A  two-way  analysis  of  variance  (ANOVA)  on  these  data  indicated  significant 
main  effects  of  fixation  condition  [F(  1 ,9)— 73.2;  p<.0001]  and  intensity  [F(l,9)=472.1; 
pc.OOOl]  ,  but  no  significant  interaction  [F(l,9)=0.72]  .  These  results  indicate  a  significant 
reduction  of  saccade  latencies  in  the  gap  condition,  and  demonstrate  that  this  effect  is  additive 
with  the  facilitatory  effect  of  target  luminance.  Together,  fixation  condition  and  target  intensity 
accounted  for  77%  of  the  variance  in  the  data  set. 


Figure  3  about  here 
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Response  Distributions.  Since  previous  studies  using  the  gap  paradigm  have 
indicated  that  express  saccades  are  often  revealed  as  a  prominent  early  mode  in  latency 
histograms,  we  obtained  latency  histograms  for  each  subject  in  all  conditions.  The  latency 
histograms  for  two  representative  subjects  are  shown  in  Figure  4.  As  is  the  case  for  all 
subjects,  little  evidence  of  bimodalitv  can  be  discerned  by  visual  inspection  of  these 
histograms.  Given  the  differences  in  procedure  used  to  collect  the  present  data  (i.e.,  the 
presence  of  catch  trials,  inclusion  of  an  auditory  warning  signal,  position  uncertainty),  we 
tentatively  attribute  the  absence  of  a  bimodal  latency  distribution  to  procedural  differences 
between  this  and  previous  work. 


Figure  4  about  here 


Anticipatory  responses.  While  anticipatory  responses  (i.e.  latencies  less  than  80 
ms)  were  rare,  the  mean  incidence  of  anticipations  was  virtually  identical  in  the  overlap  and 
gap  conditions  (1.8%  and  1.2%,  respectively).  The  similarity  in  these  anticipation  rates  argues 
against  the  possibility  that  facilitation  in  the  gap  condition  is  due  to  a  greater  tendency  to  initiate 
responses  prior  to  the  target  onset  (Kalesnykas  &  Hallett,  1987). 

Saccade  Topology.  Previous  reports  describing  express  saccades  have  provided 
little  information  concerning  the  topological  aspects  of  saccades  in  the  gap  paradigm.  We 
observed  some  variability  in  the  amplitude  (i.e.  the  size  of  the  saccade  expressed  in  degrees) 
and  velocity  of  saccades  to  the  targets  at  7.0°  and  therefore  analyzed  these  characteristics.  An 
analysis  of  the  amplitude  data  indicates  only  that  saccades  to  the  dim  targets  were  slightly  but 
significantly  smaller  than  those  to  bright  targets  in  both  the  gap  and  overlap  conditions 
(F(  1,9)=  16.4;  p=.003).  The  average  size  of  the  saccades  to  dim  targets  at  7.0°  was  6.3° 
versus  6.6°  in  response  to  bright  targets  at  the  same  eccentricity.  An  analysis  of  the  peak 
velocities  indicated  no  effect  of  luminance  (F(l,9)=0.6)  or  fixation  condition  (F(l,9)=0.4) . 
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Discussion 

The  bimodal  latency  distributions  previously  observed  in  the  gap  condition  (e.g. 
Fischer  &  Ramsperger.  1984;  Reulen,  1984b)  were  not  found  in  the  present  experiment. 
These  data  suggest  that  bimodal  distributions  are  not  a  necessary  correlate  of  latency  reduction 
in  the  gap  paradigm.  In  the  bright  target  condition,  we  observed  many  saccades  with  latencies 
within  the  range  (100-120  ms)  in  which  the  subpopulation  of  "express  saccades"  has  been 
previously  observed.  However,  none  of  our  subjects  showed  evidence  of  a  bimodal 
distribution  even  though  ever.’  one  demonstrated  a  reduction  in  mean  RT  in  the  gap  condition. 
Furthermore,  the  present  results  suggest  that  the  facilitatorv  effects  of  fixation  point  offset  do 
not  depend  on  the  absolute  latency  of  the  saccadic  responses,  since  the  magnitude  of  the  gap 
effect  was  identical  for  bright  and  dim  targets  even  though  responses  to  dim  targets  were 
approximately  70  ms  slower.  In  addition,  analyses  of  the  topology  of  saccades  generated  in 
the  gap  condition  indicate  that  they  do  not  differ  from  "regular"  saccades  with  respect  to  their 
accuracy  or  velocity  characteristics. 

The  major  finding  of  this  experiment  is  that  the  reduction  in  saccadic  RT  produced  by 
extinguishing  the  fixation  light  is  equivalent  for  bright  and  dim  targets.  Tnis  addivity  between 
the  effects  of  luminance  and  fixation  condition  is  incompatible  with  the  mechanisms  proposed 
by  Reulen  to  account  for  the  gap  effect.  By  the  logic  of  additive  factors  this  additivity  raises 
the  possibility  that  target  luminance  and  fixation  offsets  exert  their  effects  on  different 
processing  stages  (Sternberg,  1969).  Since  the  time  course  of  neural  activity  is  strongly 
dependent  on  stimulus  intensity  from  the  level  of  the  photoreceptors  to  the  primary  visual 
cortex  (e.g.  Baylor  &  Hodgkin,  1973;  Lennie,  1983;  Miller  &  Glickstein,  1967),  the  present 
findings  suggest  that  fixation  point  offsets  might  influence  processes  subsequent  to  the  loci  of 
intensity  dependent  effects. 

While  additive  factors  logic  has  generated  a  coherent  and  internally  consistent  account 
of  simple  sensorimotor  tasks  (e.g.  Sanders,  1977),  it  assumes  serial,  independent  processing 
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stages.  This  assumption  has  been  challenged  in  some  contexts,  however  (e.g.  Eriksen  & 
Schultz,  1979;  McClelland,  1979;  Taylor,  1977).  Thus  one  goal  of  the  second  experiment 
was  to  test  further  the  role  of  enhanced  early  sensory  processing  in  mediating  the  gap  effect. 
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EXPERIMENT  2 

If  fixation  offsets  produce  enhanced  sensory  processing  in  the  primary  visual  pathway, 
then  a  variety  of  responses  might  show  reduced  latencies  in  the  gap  condition.  However,  if 
the  effect  is  restricted  to  saccades,  it  would  suggest  that  fixation  offsets  specifically  relate  to 
processes  within  the  oculomotor  system.  This  possibility  was  tested  in  Experiment  2,  which 
compared  the  effects  of  fixation  point  offsets  on  manual  RTs  and  two  different  types  of 
oculomotor  responses:  1)  pro-saccades,  in  which  the  saccade  is  directed  to  the  target  and  2  : 
anti-saccades,  in  which  the  saccades  are  directed  away  from  the  target  (Hallett,  1978).  In 
addition,  by  comparing  pro-  and  anti-saccades,  we  can  evaluate  whether  the  gap  effect  is  a 
general  characteristic  of  saccadic  responses,  a  possibility  suggested  by  several  accounts  of 
latency  reduction  in  the  gap  paradigm  (Fischer  &  Breitmever,  1987;  Kalesnykas  &  Hallett. 
1987;  Saslow,  1967). 

The  account  originally  proposed  by  Saslow  (1967)  attributes  the  reduction  of  saccade 
latencies  in  the  gap  condition  to  the  saccadic  refractory  period.  Normal  saccades  and 
microsaccades  are  followed  by  a  refractory  period  lasting  approximately  150  ms,  during  which 
time  a  second  saccade  cannot  be  initiated  (Nachmias,  1959;  Carpenter,  1977).  Saslow 
reasoned  that  subjects  are  more  likely  to  make  micro-corrective  saccades  when  a  fixation  point 
is  present  versus  when  it  is  absent.  Thus  in  the  overlap  condition  there  is  a  greater  likelihood 
that  subjects  are  in  the  midst  of  the  refractory  period  at  the  moment  of  target  onset,  which 
delays  the  saccadic  response.  According  to  this  view,  we  might  expect  both  pro-  and  anti- 
saccades  to  be  influenced  by  fixation  point  offsets,  since  the  saccadic  refractory  period  should 
affect  both  types  of  saccades  equally.  However,  since  this  refractory  period  should  not 
influence  manual  RTs,  no  effect  of  fixation  offset  would  be  expected  in  this  condition. 

More  recently,  Kalesnykas  and  Hallett  (1987)  have  proposed  that  in  the  gap  condition 
saccades  may  be  programmed  prior  to  the  onset  of  the  eccentric  target.  This  view  assumes  that 
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saccades  are  programmed  without  information  about  target  location,  so  the  parameters  of  the 
motor  program  are  initially  set  in  the  absence  of  visual  input.  According  to  this  hypothesis, 
anticipatory  saccades  are  initiated  too  far  in  advance  of  the  target  onset  to  be  modified  by  its 
visual  coordinates  and  therefore  may  be  incorrect  in  direction  and/or  amplitude.  Express 
saccades  are  thought  to  be  preprogrammed  in  the  appropriate  direction  by  chance  and  are 
initiated  late  enough  to  have  their  amplitude  modified  by  the  target  coordinates,  resulting  in 
short  latencies  and  an  accurate  movement.  Regular  latency  saccades  are  those  which  are  either 
not  preprogrammed  or  were  reprogrammed  in  response  to  the  target  coordinates.  Given  that 
manual  movements  could  also  be  preprogrammed,  this  view  does  not  exclude  the  possibility 
that  fixation  offset  could  reduce  choice-manual  RTs.  It  does,  however,  predict  that  anti- 
saccades  should  show  a  gap  effect,  since  fixation  offsets  could  trigger  that  proportion  of 
preprogrammed  saccades  which  happened  to  be  in  the  direction  opposite  to  the  target. 

Finally,  Experiment  2  has  relevance  to  the  proposal  that  attentional  disengagement 
mediates  saccadic  facilitation  in  the  gap  condition  (Fischer,  1987;  Fischer  &  Breitmeyer. 

1987).  According  to  this  view,  extinguishing  the  fixation  point  disengages  attention.  Thus,  at 
the  time  of  target  onset,  attention  is  in  the  disengaged  state  thereby  reducing  saccadic  latencies 
by  the  amount  of  time  normally  required  to  execute  the  disengage  operation.  If  attention  must 
be  disengaged  prior  to  the  occurrence  of  any  saccade,  as  Fischer  &  Breitmeyer  (1987)  suggest 
,  the  latency  of  anti-saccades  might  also  be  facilitated  in  the  gap  condition. 

Method 

Stimuli  and  Procedure.  The  stimulus  display  differed  from  Experiment  1  in  that 
only  the  bright  target  (40  cd/m2)  was  used.  In  addition,  a  300  ms  gap  interval  was  included 
and  randomly  intermixed  with  200  ms  gap  and  overlap  trials.  On  both  gap  and  overlap  trials, 
the  100  ms  warning  tone  offset  either  200  or  300  ms  prior  to  target  onset  and  coincided  with 
fixation  point  offset  on  gap  trials.  This  means  that,  on  overlap  trials,  there  was  either  a  200  or 
300  ms  foreperiod  between  tone  offset  and  target  onset.  On  gap  trials  this  foreperiod 
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corresponded  to  the  20()  or  300  ms  gap  duration.  In  all  other  respects  the  stimulus  conditions 
were  identical  to  Experiment  1. 

Each  subject  participated  in  six  trials  blocks  for  each  of  three  response  conditions:  pro- 
saccade,  anti-saccade  and  choice-manual  RT.  Two  blocks  of  76  trials  each  were  run  in  each  of 
9  experimental  sessions  carried  out  on  separate  days.  A  fixed  order  of  response  conditions 
was  used  with  all  subjects  participating  in  the  pro-saccade  condition  first,  followed  by  the  anti- 
saccade  condition  and  finally  by  the  choice-manual  RT  task.  Ln  the  anti-saccade  task  subjects 
were  instructed  to  saccade  the  same  distance  but  in  the  direction  opposite  the  target  light.  In 
the  choice-manual  RT  task  the  subject  pressed  one  of  two  response  keys  depending  on  the 
location  of  the  target.  The  stimulus-response  mapping  was  always  compatible  (e.g..  left  light  - 
left  hand,  right  light  -  right  hand).  At  least  two  blocks  of  practice  trials  preceded  data  collection 
for  each  response  type.  Manual  RT's  were  accurate  to  the  nearest  millisecond. 

Subjects.  Three  paid  volunteers  and  two  of  the  authors  (PRL  and  HCH)  participated 
in  this  experiment. 

Results 

The  latency  data  are  displayed  in  Figure  5.  It  is  apparent  that  a  strong  gap  effect 
emerged  only  for  pro-saccades.  This  was  confirmed  statistically  in  a  three-way  ANOVA  with 
foreperiod  (200  vs.  300  ms),  fixation  condition  (gap  vs.  overlap),  and  response  condition 
(manual,  pro-saccade,  anti-saccade)  as  repeated  factors.  In  addition  to  main  effects  of 
response  condition  [F(2,8)-16.4;  p<002]  and  fixation  condition  [F(l,4)=23.4;  p<.01]  ,  this 
analysis  revealed  a  significant  interaction  between  these  factors  [F(2,8)=7.8;  p<.02].  Post-hoc 
comparisons  using  the  Newman-Keuls  procedure  indicated  that  the  interaction  was  due  to  a 
significant  latency  reduction  produced  by  fixation  offset  only  for  the  pro-saccade  condition 
(p<. 05). 


Figure  5  about  here 


Saccadic  Latency  Reduction  13 


The  only  other  significant  effect  was  an  interaction  of  foreperiod  and  response  type 
[Ft2.8)=9.5;  p<.01  ].  The  means  indicate  that,  regardless  of  fixation  condition,  the  200  ms 
foreperiod  was  associated  with  faster  responses  for  both  pro-  and  anti-saccades  whereas  the 
300  ms  foreperiod  produced  slightly  faster  manual  responses.  Post  hoc  analyses  using  the 
Newman-Keuls  procedure  indicate  that  the  difference  between  foreperiods  was  significant  only 
for  anti-saccades  (pc.05i.  The  reasons  for  this  foreperiod  effect  are  not  clear,  but  the  pattern 
suggests  differences  in  the  time  course  of  alerting  processes  for  different  response  systems 
Ross  &  Ross,  1980,  1981).  In  the  gap  condition,  the  two  levels  of  foreperiod  correspond  to 
rap  durations  of  200  and  300  ms.  The  absence  of  an  interaction  between  foreperiod  and 
fixation  condition  indicates  that  gap  duration  had  no  reliable  effect  on  RT. 

Response  Distributions.  Latency  histograms  from  two  observers  for  the  pro- 
saccade  condition  are  presented  in  Figure  6.  As  in  the  first  experiment,  the  distributions 
showed  little  evidence  for  bimodality,  REP  being  the  lone  exception. 


Figure  6  about  here 


Direction  Errors  and  Anticipations.  Although  generally  rare  (less  than  3%  of  all 
responses),  direction  errors  were  more  common  in  the  anti-saccade  condition  than  in  ehher  the 
pro-saccade  or  the  choice-manual  condition.  Since  only  two  errors  occurred  in  the  manual 
condition,  these  data  were  not  analyzed  further.  The  proportion  of  direction  errors  occurring 
in  the  gap  and  overlap  conditions  for  pro-  and  anti-saccades  were  transformed  (arc-sine)  and 
submitted  to  an  ANOVA.  This  analysis  indicated  that  direction  errors  were  more  frequent  in 
the  anti-saccade  task  than  in  the  pro-saccade  task  [F(l,4)=39.8;  p=.004]  and  were  also  more 
frequent  in  the  gap  than  in  the  overlap  condition  [F(l,4)=14.5;p<.02].  There  was  no 
interaction  between  these  two  variables. 
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The  higher  frequency  of  direction  errors  in  the  gap  condition,  again,  raises  the 
possibility  that  the  shorter  latency  in  this  condition  reflects  a  greater  incidence  of  anticipatory 
responses.  However,  the  incidence  of  direction  errors  was  greater  for  anti-saccades  than  for 
pro-saccades  and  there  was  no  gap  effect  for  anti-saccades.  Thus,  the  facilitatory  effects  of  the 
gap  cannot  be  explained  by  a  greater  tendency  to  make  anticipatory  responses.  In  addition,  the 
frequency  of  anticipatory  responses  was  found  to  be  unaffected  by  fixation  condition.  Ln  the 
pro-  and  anti-saccade  conditions,  1.7%  of  all  responses  had  latencies  less  than  80  ms.  whereas 
none  of  the  manual  responses  were  anticipatory.  Proportions  of  anticipatory  responses  were 
computed  for  each  subject,  arc-sine  transformed  and  analyzed  using  a  three  w.  v  ANOVA  with 
fixation  condition,  foreperiod  and  response  type  (pro-  versus  anti-saccade  i  as  factors.  No 
main  effects  or  interactions  approached  significance. 

Multiple  Saccades.  A  further  analysis  of  the  anti-saccade  data  revealed  a  strong 
tendency  for  four  of  the  subjects  to  generate  "double  saccades" .  For  these  subjects  38%  of 
the  responses  in  this  condition  were  characterized  by  primary  and  secondary  saccades.  In 
general  the  magnitude  of  the  secondary  saccade  was  larger  (greater  than  60%  of  the  primary) 
than  is  typical  of  corrective  saccades  (Carpenter,  1977).  In  his  investigations  of  the  anti- 
saccade  paradigm,  Hallett  (1978;  Hallett  &  Adams,  1980)  also  observed  many  multiple 
saccades  in  this  task.  Interestingly,  Jay  and  Sparks  (1990)  report  many  double  saccades  in 
response  to  acoustic  targets,  suggesting  that  such  saccadic  responses  may  be  a  characteristic  of 
saccades  executed  without  visual  guidance.  Finally,  it  should  be  noted  that  the  presence  or 
absence  of  the  fixation  point  had  no  effect  on  the  frequency  of  double  saccades. 

General  Discussion 

Efferent  Factors  in  the  Gap  Paradigm 

The  results  from  Experiment  2  indicate  that  the  facilitatory  effect  of  fixation  stimulus 
offset  is  limited  to  pro-saccades.  This  response-specificity,  together  with  the  finding  that  the 
gap  effect  is  additive  with  the  effect  of  target  luminance,  appears  inconsistent  with  views  that 
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attribute  the  facilitatory  effects  of  fixation  point  offsets  to  enhanced  early  visual  processing. 
Both  the  additivity  with  target  luminance  and  the  response  specificity  are,  however,  consistent 
with  the  hypothesis  that  the  gap  effect  may  be  related  to  pre-motor  processes  specifically  within 
the  oculomotor  system. 

While  the  accounts  of  the  gap  effect  offered  by  Saslow  (1967)  and  Kalesnvkas  and 
Hallett  ( 1987)  also  emphasize  efferent  factors,  aspects  of  the  present  results  are  not  readily 
explained  by  either  view.  If  saccade  direction  and  amplitude  are  preprogrammed  in  the  gap 
condition  or  if  the  saccadic  refractory  period  contributes  to  the  gap  effect,  we  would  expect 
anti-saccade  latencies  to  be  facilitated  by  fixation  point  offset.  The  results  from  Experiment  2 
provide  no  support  for  these  expectations. 

Other  aspects  of  the  data  are  inconsistent  with  the  preprogramming  hypothesis  offered 
by  Kalesnvkas  and  Hallett  (1987).  By  their  view,  the  tendency  to  initiate  preprogrammed 
saccades  in  the  gap  condition  should  produce  more  anticipatory  saccades  relative  to  the  overlap 
condition.  Using  80  ms  as  a  criterion  for  anticipations,  we  did  not  find  this  to  be  the  case. 
Kalesnykas  and  Hallett  (1987)  propose  that  since  anticipations  tend  to  be  hypometric,  saccade 
amplitude  should  also  be  used  to  distinguish  these  responses  from  express  saccades.  We 
found  no  differences  in  saccade  amplitude  in  the  gap  and  overlap  conditions,  indicating  that  our 
data  set  does  not  include  substantial  numbers  of  hypometric  anticipatory  responses. 

Anticipatory  factors  may  have  played  a  greater  role  in  some  earlier  work  on  the  gap 
paradigm  which  did  not  use  catch  trials,  unpredictable  target  locations  or  provide  warning 
signals  in  both  the  gap  and  overlap  trials.  In  many  previous  studies  (e.g.  Fischer  & 
Rampsberger,  1986;  Mayfrank  et  al.,  1986;  Reulen,  1984a, 1984b),  there  is  good  reason  to 
suggest  that,  since  the  fixation  point  offset  provided  the  only  warning  of  the  impending  target 
event  subjects  were  more  alert  and  prepared  to  respond  in  the  gap  condition  than  in  the  overlap 
condition  (c.f.  Ross  and  Ross,  1980,  1981).  The  present  data  were  obtained  under  conditions 
specifically  designed  to  minimize  the  contribution  of  anticipatory  processes.  These  measures 
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appear  to  have  succeeded  in  minimizing  anticipatory  effects,  as  evidenced  by  the  similarity  in 
anticipatory  errors  in  the  gap  and  overlap  conditions. 

Role  of  the  Superior  Colliculus  in  Saccadic  Facilitation 

Schiller,  Sandell  and  Maunsell  (1987)  report  that  ablations  of  the  superior  colliculus 
(SC)  abolish  express  saccades,  while  producing  only  a  modest  slowing  of  regular  saccades. 
The  close  coupling  of  the  sensory  and  motor  fields  in  the  SC  and  its  direct  output  to  brainstem 
oculomotor  centers,  make  it  well-suited  for  controlling  the  rapid  foveation  of  eccentric  targets 
(Sparks  &  Mays,  1980:  Wurtz  &  Goldberg,  1972).  Since  observers  are  not  normally 
compelled  to  fixate  every  peripheral  event,  some  form  of  inhibitory  control  must  be  exerted  on 
collicular  mechanisms.  Hikosaka  and  Wurtz  (1983)  have  recently  established  a  neural  basis 
for  such  inhibition  by  demonstrating  that  activity  in  substantia  nigra  tonicallv  inhibits  the  SC. 
Furthermore,  electrophvsiological  observations  indicate  that  the  threshold  current  needed  to 
elicit  a  saccade  from  either  the  SC  or  the  frontal  eye  field  (FEF)  merer  es  during  active 
foveation  (Goldberg,  Bushnell  &  Bruce,  1986).  Thus  it  seems  reasonable  to  suggest  that  the 
reduction  in  latency  observed  in  the  gap  condition  may  reflect  the  functioning  of  collicular 
mechanisms  in  the  absence  of  this  fixation-related  inhibition  (i.e.  fixation  release).  The 
absence  of  a  gap  effect  for  either  choice-manual  responses  or  anti-saccades  could  be  attributed 
to  a  lack  of  collicular  involvement  in  either  of  these  responses. 

The  FEFs  have  been  implicated  in  the  control  of  anti-saccades  since  patients  with  focal 
excisions  involving  this  region  are  selectively  impaired  on  this  task  (Guitton,  Buchtel,  & 
Douglas,  1985).  Signals  originating  in  the  FEF  can  control  eye  position  independently  of  the 
SC  (Schiller  True  &  Conway,  1980),  perhaps  via  direct  neuroanatomical  connections  to 
brainstem  oculomotor  centers  (e.g.Leichnetz,  1981;  Leichnetz,  Smith  &  Spencer,  1984).  To 
the  extent  that  the  FEFs  can  directly  control  saccades,  responses  requiring  the  FEF,  such  as 
anti-saccades,  may  be  independent  of  neural  influences  exerted  on  the  colliculus.  We  suggest 
that  a  possible  reason  that  anti-saccades  are  not  be  influenced  by  the  gap  condition  is  because 
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their  generation  may  be  less  dependent  on  the  SC  where  fixation  point  offsets  appear  to  exert 
their  effects.  Given  the  highly  voluntary  nature  of  anri-saccades,  it  is  unlikely  that  special 
mechanisms  would  have  evolved  to  inhibit  their  occurrence,  as  is  the  case  for  pro-saccades. 

The  hypothesis  that  the  gap  effect  reflects  facilitated  pre-motor  processes  that  are 
specific  to  pro-saccades  suggests  the  possibility  that  the  deeper  layers  of  the  SC  might  play  an 
important  role  in  this  phenomenon,  since  many  cells  in  this  region  are  not  visually  responsive 
but  show  pre-saccadic  activity  (e.g.  Jay  &  Sparks,  1987).  It  would  therefore  be  interesting  to 
compare  the  activity  of  such  pre-saccadic  burst  neurons  in  the  gap  and  overlap  conditions. 

Attentional  Mediation  of  Latency  Facilitation? 

While  we  take  the  view  that  the  latency  facilitation  in  the  gap  condition  reflects  the 
release  of  oculomotor  mechanisms  from  the  inhibitory  influences  engaged  during  active 
fixation,  Fischer  and  his  colleagues  attribute  these  effects  to  attentional  disengagement 
(Fischer,  1987;  Fischer  &  Breitmeyer,  1987;  Mayfrank  et  al.  1986).  Several  features  of  our 
data,  caution  us  against  invoking  attentional  mechanisms  to  explain  the  gap  effect. 
Considerable  electrophysiological  and  behavioral  evidence  indicates  that  attention  influences 
early  stages  of  sensory  processing  (e.g.  Hawkins,  Shafto  &  Richardson,  1988;  Mangun, 
Hillyard  &  Luck,  in  press).  The  work  of  Hawkins  et  al.  (1988)  is  particularly  relevant  to  the 
logic  of  the  present  investigation.  They  found  that  the  magnitude  of  attentional  effects 
produced  by  spatial  precues  interacted  with  target  luminance,  leading  them  to  conclude  that 
attention,  like  signal  intensity,  affected  early  visual  processing  (also  see  Backus  &  Sternberg, 
1988).  Furthermore,  as  Posner  and  his  colleagues  originally  demonstrated  (Posner,  Nissen  & 
Ogden,  1978,  Posner,  1980),  the  facilitatory  effects  of  attentional  precues  are  not  restricted  to 
one  response  modality  but  can  enhance  manual  as  well  as  saccadic  RT.  In  contrast,  the  present 
results  suggest  that  the  gap  effect  operates  quite  differently  from  attentional  manipulations  in 
precuing  paradigms,  since  it  is  additive  with  target  luminance  and  is  apparently  restricted  to 
pro-saccades.  Thus,  if  attentional  mechanisms  contribute  to  the  gap  effect,  they  differ  from 
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those  mechanisms  that  mediate  stimulus  selection  in  spatial  precuing  paradigms  and  may  be 
related  instead  to  the  selection  of  the  appropriate  oculomotor  program  (cf.  Goldberg  & 
Seagraves,  1987). 
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Figure  Captions 

Figure  1.  Diagram  of  Reulen's  facilitation  model.  In  this  model  a  sensory  integrator 
accumulates  activity  following  a  peripheral  afferent  delay  which  is  a  function  of  signal 
intensity.  The  rate  of  accumulation  is  jointly  determined  by  signal  intensity  and  a  facilitation 
factor  produced  by  fixation  point  offset.  The  facilitation  factor,  per  se,  is  independent  of  target 
intensity.  In  this  diagram  the  parameters  representing  the  facilitation  factor  and  target  intensity 
were  multiplicatively  combined,  following  equation  1  of  Reulen  (1984a).  Note  that  the  time 
difference  to  reach  threshold  in  the  gap  (G)  versus  the  overlap  (O')  condition  is  larger  for  the 
dim  than  for  the  bright  target.  Tins  interaction  between  the  effects  of  intensity  and  fixation 
condition  is  predicted  by  the  model  regardless  of  whether  the  facilitation  and  intensity 
parameters  are  additivelv  or  multiplicatively  combined. 

Figure2.  Schematic  representation  of  trial  events  in  Gap  and  Overlap  conditions  for 
Experiments  1  and  2. 

Figure  3.  Mean  saccade  latencies  to  bright  and  dim  targets  in  the  gap  and  overlap  conditions. 

Figure  4.  Frequency  histograms  rcpicscming  uic  saccade  latencies  to  orignTand  dtm'targetsdrf- 
the  gap  and  overlap  conditions  for  two  observers  (bin  width=8  ). 

Figure  5.  Mean  latencies  for  the  three  response  modes  (pro-saccades,  anti-saccades  and 
choice-manual  responses)  in  the  gap  and  overlap  conditions. 

Figure  6.  Frequency  histograms  representing  the  pro-saccade  latencies  for  two  observers  in 
the  gap  and  overlap  conditions  with  200  and  300  ms  forepeiiods  (bin  width=8  ). 
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ccs'itI  lu  turni  psx  ilieluuie.il  represent. iiii  ms  ul  'uuml. 
anil  In  inn  km  inn  leduc  alx  ml  si  mini  u  ininhuii-'  h  i  si-ii'i  in 
mteur.it  h  m  . mil  percept  ti htiuik  hi  I  lie  elleet'  i  >1  bilateral 
.il  >l.it  it  in-  m  .imm.ils  niilii.ik'  ili.it  llie'C  lusher  lexel'  ul 
pruu-s'inu  relx  mi  ilie  iiHeuritx  ul  auiliiurN  iTiriex  ( lur 
it-nii'nn'  see  Nett  el  al  1 1>— a,  Whidielil  lc>Ss|,  ihe  rel.Kixe 
ruli-s  ul  llu-  prmurN  ami  HTuml.iiN  area'  I i.ini-  nut  nci 


I'eell  tilslll  l_U.ll  l-'l  K  ■<.  I  III  Ml. Ill  pllVs|,  >l<  igk.ll  ■'lilt.  lies  elil 
pf-ving  depth  elcdloJes  '  (  i  k'-'l.l  i')-<i|  ill  IglkMi  >ilk  e 

pi i.ili  >ui '.i|  I iv  'll.iniM.il  lu.sn  lvnn.iniLM.il  ll,.sj  i.  .mil 
i  .!•.  Ii>  ■  i -m  Mi  'pi-  ii n. mi nu  1 1 .11  Him  lm  ,il  I  i  I i.i\  e  primanh 

I  hi, 'i.>!  i'll  ihe  pi.ihkiu--  ■'!  U  hiikI.ua  detimlion  and 

I I  '!  li  'pu  u\  .Idd  ll.IV  C  tllel  (More  Used  elemenl.lPi  .1(1  111' 
Ik  vl ii null  -'ll'  1 1  .i'  i  Ik  K'  .Hid  pure  Ini ic(  In  e\ i  >ke  ( i  ill u  a  I 
i C'pi  him  -■  \n.il'  Milk  ,il  (l.ii  i  ik  l  ived  Irom  the  studv  ( >1 
ueurtiliimv.il  p‘  «|Mil.un>n-»  .ue  likewise  wauling  given  (lie 
i.iiiiv  1 1 1  . 1 1  ulii  1 1  r\  ni  n  iv  erl '.il  (lelitiis  mil  enough  (<  > 
( .ui'c  i  >v  v  1 1  (vniph  'ilk  ii  illi  k\  mu  ft  k  .  i  1  iinil.iiiM.il  Ilmi  mis. 
ill'1  i.iiiiv  .il  liii.il  I iil.iiei.il  .iiid  '.vnmiiMik.il  lesions.  .md 
ihe  proximitv  .md  lommon  \  miliar  supplv  i  il  tile  pn 
ni.irv  .md  set  i  nid.n  v  . 1 1 u 1 1 1 1  >r\  areas  Inrihermore.  br.iin 
m  .ms  i  iIm.iii  led  l>  'i  ( I  uni  .i  I  i  in  Ik  .Hi'  mis  pn  a  ide  .i  I  milled 
view  .it  die  siipi  .ikMupi  M  .il  plane  betaine  i  >1  ilieir  on 
ei  iiai  ii  in  :  |  hin/i  M  ii.il  i  and  'Ik  e  lim  Kness  is  In  mini  and 
i  lien  Mi  a  e  Ire  |iuMiilv  tail  lm  apuire  die  u  .Ulster  e  gv  ri  i  >1 
l  le>i  lil.  vv lm  1 1  iv pkallv  I lome  die  prmurv  auditi mv  areas, 
and  ill"  lull  cMeni  ol  die  supiM  lor  leinpoi  al  gv  i  lls.  ten i 
poiop.nkM.il  link  lion.  pai  kM.il  openulum.  and  temporal 
P"  'le  vv  hii  I,  iv  pu  allv  In  nise  die  audiit  >r\  ass(  k  i.n i«  >n  areas 
'  ( i.ilaburd  i  and  s.imdes  lu.sn  i 

In  dk  ;  avseiii  siudv .  we  examined  a  well  dt  it  umenied 
i  .ne  * '  I  t '  nil  al  I  lean  i  il;  loss  ■  Mende/  and  ( leelian  I  ukn ) 
undei  expermkMil.il  (Oiidilioiis  designed  lo  lap  selec 
nvi  Iv  mio  sensorv.  pen  eplual.  md  togmnve  luikiions 
medial  iiil;  lonal  mloi  nuiioii  p.nn  essmg  I  lie  chi  me  i  M  a 
musk  a  I  pi  i  m  u  il;  |  mi  ad  i, uni  '  lug  I .  lil  unit  I  i.i  and  sit  >l\  kip 
I  us. pis'"  i  ret kx  led  d  ic  desire  lo  engage  i  •  igmnve  pro 
.esses  id, H  liieran  I  in  all'  smuiure  seiisorv  inlorniaiioi) 
and  1 1  kill  iv  I.n  dll. He  spetiral  p.illern  perception  Ihe 
oirin.il  mapping  protrdun  ol  lownndtl  (M  al  ilusui 


permiiied  die  localization  and  . |iunudi  ation  ot  damage 
lo  die  presumed  gross  .inaiomival  landmarks  ol  ibe  pn 
m.irv  audunrv  (orlex  and  .mdiion  assoc  muon  areas  mi- 
aped  In  thin  section  coronal  magnetii  resoii.une 
sv.inninp  (  MR  i 

RESULTS 

Pure  Tone  Sensation  Thresholds 

Iniensitv  thresholds  lor  detecting  a  slid  nisei  pure  lone 
al  gsn.  Son.  loon.  Jot  mi.  m.ooo.  and  soon  11/  were  within 
normal  limits  tor  each  ear  (lip  r 

Spectral  Intonation  Judgments 

Intonation  iiidgmenis  about  harmonic  spectra  tmaior 
triads  l  and  quasiharmomc  spectra  nuistuned  major 
triads i  were  performed  better  than  chance  pii„.  H  t~) 
-  _’(in. />  ■  Us  .  but  overall  accuracv  was  more  than  J 
si)  below  die  mean  ol  normals'  performance  on  the 
more  dilhuilt  priming  task  (M  t  I  I  a.  hhamcha  and 
stoeckig  I  us~  i 

Associative  Priming  of  Spectral  Intonation 
Judgments 

Ms  s  pciiormancc  on  the  musical  priming  (ask  is  ilhn 
Hated  in  figure  s  alongside  data  previouslv  obtained 
hum  I.i  normal  subjects  using  the  same  stimuli  and 
pi  t  k  edurc 

Overall  aeeur.icv  was  at  chance  ;  ttS",..  /( qS  t  •  1  and 

led  greater  than  three  standard  deviations  below  the 
mean  ot  the  normal  populatu  mi  i  n~th  percentile  i  There 
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i. unpick-  hil.iUT.il  li — ii  ins  i  >1  lhekomoiortii.il  lields  In 
1 1  it-  riv;lii  hemisphcic.  m  ii  in.-  cl  ilic  icmpi.iiip.iin-i.il  imi 
mric\  .iik!  perhaps  .1  small  posterior  pmiiiin  i  >i  ilk-  c\ 
(v!  lull  paraki  uaioi  m'lex  nu\  luxe  hccu  spared  Muvll  ot 
ilk-  i  cm, lining  posterior  assi  n  i.uii  >n  hell  mi  ihe  ri5J.hl . 
iiu  haling  mi  isi  1 1 1  llu.-  extern. 1 1  ami  all  i  >1  llu-  internal  aikl 

i  amliu.lm  s.tl  pai  akmiii  n  >  Hex  appeal's  [ . ,  he  mu lct\  in  In 
ilk-  lesimi  Ivigiil  piTis\  |\ tan  mi i k  tin  cs  anienm'  ai ul  me 
I_ll.ll  III  ilk.-  transverse  gvius.  Ilkluding  llu-  I'oslr.tl 
paralv  mil  k  m  lex.  pi  i  ;kmiii  s  m  lex.  rosir.il  nun  mex.  para 
insular  /mie.  and  lempma  >pi  >lar  projsoi  ortex.  appeal  i<  > 
he  mlai'i  led  In  ilk-  leli  lu-misphere.  small  pi  >slcrt  ilaieral 
portions  <  >)  !empm'>pai  k-ial  isiM.mli.-x  aiul  perhaps  ex 
icrnal  parak*  >nti  >v  Tiex  mav  have  been  spared.  much  m 
all  i  .-l  llu-  rusii  al  pai  aki  ink  m  m  lex.  isocoriex.  aiul  pi'msc  i 
iuriex  af-ng  the  anu-rim'  superior  lemporal  gvrus.  tern 
pmal  pc  ile,  ami  parainsiilar  /one  appear  in  Ik-  sparer! 
\ll  i ‘I  ilk-  iniernal.  external.  aikl  raurliKlms.il  parakmi 
r  u  i  irir'x  as  well  as  ihe  prokonioi  ortex  mi  ilk-  Ir'li  max 
have  heen  iiilaic  u-rl 

Ilk-  pl-.\  sn  i|i  ,gii  al  pi'  iperiies  id  neurons  wilhm  ihe 
perisxkiari  areas  iliai  arc  sp.m.'rl  m  Ms  ran  only  u-nia 
m.r-h  Ik-  surmiscrl  mi  ilk-  basis  i  >|  ilk-u  response  r  liar 
.uicrisiirs  in  pir-stimahh  homologous  regions  <  >t  ilk- 
monkev.  whir  1 1  themselves  lu\r-  mils  pamally  heen 
w.  rkvd  mil  i  lung  r-i  al  |9  .  KaNuki  r-i  al  I'loJ.  Mei 

/ruik'li  aikl  Umggv  I ■>.  I’lingst  el  al  19  .  Manilla  el  al 

1 9  s  j  i  it  all  in-  part  of  ihr-  leli  rostral  parakmiiovoricx 
was  sp.nvrl  m  MV  .mhI  it  ihr-  tmn  >iopir  al  lx  orgam/cd 
i < >si ral  lir-lrl  iK  el  lime  el  al  19  i  ol  ihe  monkev  is 
lunciii  malh  as  we  ll  as  anaimnirallx  i  ( iululninlu  aikl  San 
u  Ir. - s  I  usi)  i  hmin  'Ii  >gi  ms  ii  i  ihr-  r<  >siral  paraki  u i j<  >r a  >rte\  in 
man.  sharph  mik'rl.  imir  >i«  epu  alh  organi/cd  Irequeiivv 

ii  iim  m. mm i  max  haxr-  lu-r-n  available  |i  u  pn  >r  cssing  the 
ilikx  i  if  miiirm.uimi  x\  <  u  i  Ir  I  he  limiierl  pi  isu-rn  ulx  In  ihe 
!i,-s|.  I  lull  riiul'.l  pi  ik  veil  lusirallx  1  r  >  higher  older  1 1  n  c 

.  I  a  1 1 1  \  sprx  ilk  aiul  helermiiml.il  association  areas  I  low 
rn-i  even  il  pmumis  ni  sharplx  limed  imiuUipkalh 
.  •:  ■e.iiii/r-i  I  regions  .i|  ,iss<  m  Mtimi  loriex  xxr-re  sp.iivl  in 
Ms.  iiu-  pnikipal  s.tiinr’  ,  ,|  mu  h  information.  ihe  pn 
;  i  i a !  ’.  .ii  r x i  w  as  it  -sn  u  u  -i  I  I  ul  in  T.illx  1 1  ir'  .il  lerei  il  M  lpnl  ti  > 
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show  uumisisieni  lrei|ueik'\  respmises  aiul  iircgulai 
Ii  >in  *l<  ipirilx  m  huih  ihe  ilk mkex  Uiiiissel.il  19~n.md 
v  al  (  Ail  km  pr.C  (ialtmxl  19, sS.  Phillips  ami  Irxine  I9_9i. 
iui  sliarph  lunerl.  imn  >n  »\->ix  alls  organized  Ircquemx  in 
Imi  nal  mil  max  li.ix  e  I  veil  ax  ailahle  in  ihe  s|  l.irerl  i  mu  k  al 
assiKiaimn  areas.  ,u  ihe  xerx  least,  u  \\as  likelx  iiumii 
pick  perhaps  owing  in  piu  i|eciimis  limn  sharplx  lunerl 
i  ells  m  some  regions  "I  magiioi  ellular  MCli  i  Aitkin 
19V  land  laieral  pulx  mar  <  Phillips  aikl  Irxine  |9_9i. 

Ilk-  rnitir or mural  ronneciixnx  paikTiis  i it  ihe  amli- 
i<  >r\  areas  l hat  appeared  li  i  Ik-  sparevl  in  M  S  max  likexx  ise 
he  considered  xxuli  regard  in  presumahlx  homologous 
areas  m  the  monkev  i  for  rex  lew  see  I’aiklya  and  Yeienan 
I9SS)  In  ihe  right  liemisphere.  ihe  intrinsic  rostral  con¬ 
nections  of  the  spared  posterior  association  areas  xxuli 
ihr-  primarx  area  aikl  anierior  superior  lemporal  region 
appear  ti  >  he  c<  implelelx  mlerruptevl:  k  mg  pn  ijectii  un  u  > 
aikl  from  prelronial  curie \  max  have  likexx  ise  heen  vie 
siroxerl.  bin  reciprocal  immeeiimis  ol  ihe  posterior  as¬ 
sociation  areas  with  the  posterior  cingulate  gxrus  aikl 
lieieromoilal  iempmopanei.il  regions  max  have  heen  ai 
1 1  a  s|  pariiallx  sp  i  rev  I  In  the  left  hemisphere,  caudal  con¬ 
nections  ol  ilic  sparevl  anierior  association  areas  were 
likelx  mlerruptevl.  hut  the  mtrinsiv  connections  ol  the 
rostral  par.ikmiioeoriex.  isoeoriex.  anvl  proisocoriex 
along  the  anterior  superior  temporal  region  aikl  the  long 
connections  ol  these  areas  i<>  prelronial  vortex  and  me¬ 
dial  lemporal  structures  max  have  heen  spared  in  their 
entiretx  The  island  of  preserxed  posterior  assoviaiion 
vortex  on  the  left  appears  to  he  complete!)  vlisvi  mnectevl 
from  the  rostral  primarx  and  ttssonation  areas,  hut  its 
reciprocal  connections  with  posterior  cingulate  gxrus 
and  hcteromod.il  temporoparietal  cortex  max  liaxe  heen 
at  least  pariiallx  sparevl. 

Structure— Function  Considerations 

I  here  has  heen  some  vontroversy  in  the  animal  literature 
.is  to  whether  or  not  bilateral  lesions  ol  .iiivliiorx  vortex 
pel  maiientlx  impair  pinv  i<  uie  sens.itii  n i  i  ti  ir  rex  iv-xx  sv-v- 
\v  tl  el  al  I‘t~si  bin  ivieni  psx  v  lio.iv  oii'tiv  measure 
mi  i  its  m  moil  kcx  '  1 1 .  iv  i  •  if  >i  ui  i  killed  increased  del  cel  ion 
lines!,.  -Id-  m.  ,si  pn  umceiitlx  in  the  mid  lrci|ueik  \ 
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ll-s.lt  Ills  I  II  >1  I  l’Mi'Us  Si’i’  Hi'lllnil  1‘)  "-  |  k’l  .li’ll  .lllit  \lhl-rl 

I,|"S  M. ii  in  I'isJ.  \  iu.i i‘  '!>  >  I'^'P  Werthcim  IPi'Pi  l\\n 
piVMoii'  i’\piTimi-iUs  .iti’  p.imailai  h  lelex.uu  i<  >  the 
present  t  >1  isii  \  ,ni,  ids  Whitlield  i  I  PSD  i  ik’iiit  >i  isi  i .  ni’il  in 
1 1  it-  t  .ii  ill. ii  ilii’  i.ip.R  n\  it  t  denxe  ilk’  h.irmuiiK  Ix’si  In 
i  >t  ,i  si  In’ll,  ilumn  >nii  si’i’ji’s  w,is  piTm.iiii’iiih  ,iht  ilished 

I  >llt  i'a  111,14  hii.iUT.il  al  >1.  nit  >ns  til  prim,  in  auditorx  mrir\ 
.ii 1. 1  ['.in  t  >1  till’  siirit  mi liin i_u  lii  lils.  while  ri’l.uiu’  pitch 
t i ist  nmiiuih  ms  h.isi-tl  ,  >n  ilitliTi’iiii’s  hi’iwivn  mdi\  nlii.il 
s[  r’l  ir.il  .  i  >n ip>  nu’iiis  i ,  mkl  In-  relearned  In  nun.  /.lit  Tie 

1‘isxi  h.is  lit  it  ii  K  n-pt  >rii’il  iIi.ii  iitih  >\  .tl  <  >1  .ill  ur  part 
Ml  i!h.’  nplii  I  r.  1 1 1  s\  iTsi’  ,px  in  si  1 1  almi”  with  all  <  >f  ilii’ 
ai  .it  a  a  a  superior  temporal  it ’.nit  >n  i  >  >n  uni  in  l\  impairs  the 
pi -i .  i  pi  n  >i i  i  >|  tin-  missing  tmnlameiual  iVhouten 
!"-|s,  i  w  hu  1 1  1 1  In  it  >n  a  I  t  ■  >ns.  in.ii  r  r  pcnvpiii  >n  ii  ijuiri’s 
tiif  i .  >  j  -.is  it\  •  .>>  ..ii  ,n  t  1 1  >!is|.iik  ii’s  aim  >nt;  1 1  if  lri’i|iii‘iR  \ 
iiiain  itislnps  ,  siinultaiR’t  >iis  spciir.il  1 1  uiipt  nii’iits 

I I  u’sf  Lit  1 1  a  . .  1 1 1  it  a  I  i  I’Ltit  >iis  were  i  nt.  i  it  to  I  in  M  s 

si "’.  i.  ■  t  a  I  ai  ill  i.  >i’s  I  u\  i-  1 1  iiut  lift  iii’il  i  >u  tltf  possible  cor- 
i  f  l.ii  i.  a  i  i » ’t\uv  n  li  if  s(  \  t  a  iii  .  >(  am  I  ill  >t  \  t  If  lit  its  i .  m  sf  1 1 

I  •>.  i  •  irti.  al  lt’s|,  ,ii.  an.]  It  ”.|i  >n  s|/f  within  spei  i.ilt/i’il 

.  i ;  i  a  t  ■  .tin.  a  I  /■  mi’s  ;  \Hfii  Ini'  |)f\is,  hi  ft  al  pin1) 
s .  i  i  1 1  "i .  .  I  ’>’■■  ■  i  i  '  >l>  •!  1 1 1  >.  >  t  i  a  I  t  I  >  >>)n  i  Iia\f  ri’i  cnilx 

i  a i  ■  <  I  li.f  | . 1 1 » 1 1 1 1 \  1 1 1  ii  1 1 m  si/t ■  ,  .|  if s i.  .ns  Imiitfil  it  > 

mil:  :  •  i  '■  -•  it  i  m>  a :  •  'ill’s  n  i. r.  inlliifiRf  ilif  i  is  >  '\t'i\ 

!  i  .t  a  ■  ■  a  .  I  ■  >•  ;  ■  M  !  >  1 1  n  >  ai  t.  I !  it  it  |.  f  \fe  If  tit  f 

”  .  > '  ■  ■  ■>  ,  .  i  m  -  a  :  .■  :  I'.'t  r  ■  1 1  •>  !>  -ti  in.  In.  >r\  ■  •  >i  >t”-. 

i-  h  i>  •  •  •  t  -if  ■  ’t  ■  t: mli  \\>  ’til  1 1  > n i p t flifiisi.  » i 

I  •>•  I  •;  li  |  ’  ’  -■  |  >  ’!  I.  |  ;  111  1  ;  f  I  .  • !  1  1 1  .  |  l -|  n  |  )s|.  .1  |  I  \.R  ’S(  ’I 

i  i  ’  (It  i  >1.  r  II.  fit  I  a  al  am  a  \  sin  >ke  h  > 

if.  it t ■. n  '. 1  i'ii'  i  >  'inplc it ■ 

.  ■■  pi<  :  >.  v  in'.  mat  it  >ti  j>i.  > 


i  f  ssiiir;  is  f  ssi' i  it  ial  Iii  1 1  Dial  1 1  >  1 1  si  >ii, im  i"  pi  it  i  |>l  n  >i  i  i  I  if 
liiniiioii.il  silent!  li  .ii  itv  til  ihf  ditlfifiil  amounts  <  >t  spat 
mi;  \s  it  I  n  1 1  thf  rio|  it  anti  lilt  asst  >i  i.itit  >n  areas  in  the 
pi  f  si- nt  i  asf  t  an t it  >1  l>r  .hi  f  nan  ii’il  I  if \  mill  tin-  assf  n  i>  >i  i 
that  thex  wi’iv  still  it  ii’iit  tt  >  sustain  1 1 uisu  al  prmtimp 

A  immhfi  oi  i oiilonnilinu  variables  preilude  hro.nl 
i ano inn  strufture  I u ih  1 1>  >i i  1 1  >rri-lai n  >i i s  m  tin-  pn-sfiit 
t.isi-  llfi’.msf  M’s  sutlf  rfil  im  sir  t  uni  s|  i’t  >i\i'  > )  t  mu's 
apo.  s(, nit'  rem'.pani/aiion  ol  .million  Inin  lions  within 
ilii-  span’ll  anaimmi.il  /mil’s  ni.it  liau-  t aki  i i  plan'  I  nr 
iliiTinorf.  tin-  uni  ert. unties  snrrt  >undm.”  I ii-uiis] i| n-rii 
s[  r  i  i.i  J  i  /at  it  >n  in  auiliton  iimiu-rh.il  Innitimis  inakf  n 
ilill  ii  ult  to  .isu'itatn  whether  1 1  if  spared  posii-rior  asst  > 
t  lain  >n  areas  m  tin-  riplu  or  k-lt  hemispheres.  span’ll 
anterior  assoiiattmi  arias  m  tin-  k-lt  i rt 1 1 isp| u-rt.-.  or  all 
tin-  span’ll  atv as  combined  suhsi-r\fil  ri'siilnal  lumt i<  ms 
Our  ifivni  ohsi-rvatimi  ol  musiral  prim ino  In  thf  nplii 
1  ii’iuispl R'l'i’s  t  >|  two  split  brain  patirtiis  i  Trann  >  anil  liltar 
iii  I  i.i  PWi  is  mo  Imiitfil  to  piTiiut  ”enerali/ations  mu 
cernintp  laterahtx  effects  in  thi'  present  i.isf  I'.vfii  il 
laterality  fllfits  in  righthanders  were  known.  Ms  s 
inixi’il  h.milfiliii'ss  would  preclude  a  straightforward 
foiti  ktsimt  l  inalk.  there  atv  thf  unce rtaitutfs  surround 
iii”  tin-  mtfi  spfi  ifs  comparisons  entertained  ahou-. 
w  Iiii  h  atv  fspc-i  iallv  in  iiihlfsmiK’  in  v  icw  t  >f  the  iiniqiif  l\ 
strmi”  lati-rali/ation  of  auditorx  verbal  functions  in  man. 

I  lii'  most  parsimonious  inifrpivtaiimi  ol  thf  present  ilata 
is  that  t  I  )  tin’  perception  of  tonal  consonaucf  is  citron- 

ii  al h  impaired  lollow  iii”  mniplftf  bilateral  k'simis  of 
primary  auiliton  cortex  combined  with  partial  hilatfr.il 
If  sit  >ns  of  .million  association  cortex;  anil  tit  musical 
I >n mm,”  il<  >cs  nt  >t  relv  on  the  integrity  i  >f  prim. in  auilitt  in 
it  >rtf\ 

Neural  Networks  in  Music 

On  tin’  basis  ot  tin-  cvti 'architectonic  anil  conncctional 
organization  ol  the  superior  temporal  region  in  t hi-  rhe¬ 
sus  mmikei.  tialahunla  anil  I’aniha  t  p)ST  I  liaw  pro 
P'osiil  that  thi'  auiliton  cortex  comprises  three  parallel 
pit ni'ssin”  streams,  the  "root.  'core,  anil  "belt  lines, 
which  aiT-  oriented  rosiroiauilalk  ah  mg  thi'  circular  sul 
cits  tit”.  " t  Within  c.rI)  Inn-,  i ytoarcltiti'cionii  difk-r 
etUiatiou  progresses  caudallx  in  a  stepw tse  tashton  .k rt ss 
tour  stay>i’s  Inch  static  is  rulilx  and  iviiprocaih  con 
iii'iti’il  to  udj. Rent  stall’s  within  e.tilt  line  and  to  its 

I I  >rt  fspt  >i  rI  tit”  stages  across  lines  I 'a  ink  a  and  i  ol  leagues 
li.tu’  In pothcsi/i’d  1 1  .at  tin-  existence  t  >t  multiple  stages 
t  >1  auiliton  tvptesi’iitation  si”mlii’s  liii'raii  hu  al  leulsi't 
inli  n  ni.it n  >n  pit  >i  I’ssni”.  sin  h  that  thi-  n  istral  ll>  >w  ol  u  >n 
ui'i  t, ions  lrmtiiortK.il  l.nia  ill  to  l.ner  l\  meduli-s  the 
.iitit'.Hi  elah'  >r.  il  ion  o|  1 1  i.i  Limn  input  and  the  i  a  in  la  I 
flow  >1  1 1  iiiiti'i  i  H  >ns  tr<  >ni  fixers  \  and  \l  I  >  >  l.nei  I 
met  it.  Ill's  the  inie.14r.it  II  >11  ol  ill  III  'll  mill  lei  1,  is  I  >11  P’i 1 1 1  1  p 
noil  ( ( >uluhi ir>  i.i  and  I’ainka  P'si  I’.mdxn  am!  'ieie>i.m 
ptss  ,  llasiinil.il  .  >1  ”.im/.iiion  1  1 1.11  at  n  1  i/i's  i nm l  it ,  m 
dll'  >ix  1 1  1 ;  1 1  ”.. .  a'  (  i.ilabm  t  la  and  s.imdes  1  P'S'1'  w  .  a  k 


;  im 


JlV.lt  I-  II  ■  >1  !<.('!  I  ll.lt  1.  -1 1"  1  'I  oimpIlA  II  111  l  'lull  .1' 
n  •; it-  .  ! ii  i  mm. i  1 1  lords.  ,ii u I  kc\  ->  lui  m  iIk’  '•  mm  led  i>  mcs. 
.i:  ;d  ■  i  u  >p  i.l.  >\v  1 1  ,u  1 1 \  ilu  ii  i  i  il  ivpi  V'cni.it  I.  Hi'  <  il  >  I  lords 
.Kill  ill'll.'  i  hi.  Hu. i  lit  'in  tin-  ,n  tivaied  ke\s  .mil.  V  iiix- 
.  1 1 1 1.  u  1 1  \  liu-  observ'd  I.ii  illinium  ii!  v  hi  >1  a  1  mil  iii. uii  in 
i' uIliii iu Hn  In  t i it-  o  >nic\l  i 'I  t  i.il.ihnnl.i  .mil  I’.imKas 
.1' :  iii  'ii  in.  ,i!  mi  uii -I  i  '1  ,r  kin.  >rv  o>nex.  .nul  in  \  if w  1 1|  the 
!  >i ii'i'i  ii  Iii idtngs.  ilu.'  iii.’ii! .i!  'ii! "I i .n f  1 1  if  1 1 1|>  iii  i\\  ii  i nil 1 1 

i  i  .ia  iii  nitiMi  .il  | ii  i n i i nui  nu\  In-  ilmii  iIhhi’iI  wuliin  the 

1  i  I'il’.ll  .11  III  i  'I  l  .11  III. ll  IV.  k  III’'  i  >1  .Hill III  i|’\  ,iss.  Ii  1.11  k  ill  o  II 
’  l’\  (  i  Ill’ll  ill!'  I.  n  .ill/.  II  H  ill.  .Hill  glVIl  1 1  I.l!  ii  1141  111  Ilf  lip 
IV'I’III.I!  k  Ills  I '!  (i  >i  i.l  I  hli’l  .III  I  Ill’s  m  II  Ill'll  .III’  |  nvsnill.il  i|\ 
ll’.l!  Ill’ll.  I!  1'  III  Ill-Mi  Hlll\  lll.lt  t  III  jt  If  I  ll  \  spciltll  response 
i'l.i'iii  iii  i liii  i i iLi  .»"<  ‘i  i.it i\ i-  learning  i'  ,i  iummnn  prop 
cm  .'I  neurons  in  ilk-  .uiiliii  >r\  .i"i  ii  i.iiiiin  inrii'v  of  the 
i.ii  1 1  >i.  mu  mil  .nul  \\  embcrger  Ivsi  Weinberger  .mil 
l  'l.uin  mil  in'sM,  i  i’ll'  \\  i  1 1 )  1 1 1  I  ii  it  1 1  [hi-  prmi.in  .uni  'iv 
■  n iii.irv  lii’li!'  in. mill’'!  t i  i’i  ji k’l u  \  speiitic  respi  >i l'f  pi. is 
lu  it\ .  .mil  tlii’\  i  <  impi  i'i'  .i  i-ti’f  .iii-r  proportion  iii  1 1n- 
s.u ii] 'Ifil  pi  ipul.iik  hi  in  ilu-  Lit tf r  iii. m  m  ilk’  liirmiT. 

Ilk’  i ‘\ i st i •  m i’  i.l  iiiiik.il  le.imiv  ili’ii’i ii irs  ilui  are 
si  li’iiiu  k  responsive  to  niU'ti .il  si  lunik  i  K.it'uki  et  al 

I  Hi  i_!  I  .Hill  ll  >  1 !  ll'  ll.irilli  Mill  l  <  ill  l|H  i'll  ll  111  l  it  'I  HUlll'  (Will 

tii  .mil  I'lmkf nsti’in  pi“x)  h.i'  been  piv\ u ni'l\  hyputli- 
i-'i/i’il  i  >n  ilu-  I'.i'is  i  if  neuronal  responses  in  lunipk'v 
spriti’.t  m  ilu  inkiks  Response  'f liv t i\  it\  loacoii'tii  iimii 
sit- nt'  m  hum. m  speech  si  ii  it  ill's.  including  lui  til.mii-nt.il 
nvipii’iiis .  h.i'  been  vi’]M mi’il  i Mi’in'i hni’kli'v  ut  al 
ins.:!  Xi’iii'uiis  in  ilv  si\  i  HkliiiA  lii’liK  appear  in  In- 
' 1 1 U h 1 1  \  nii  >ii’  select  i\  i’  lur  mmpli’x  li_-.it i i n- '  ili.in  those 
in  ilm  pi’im.m  Ik  lil.  bin  .i  1 1 'I t'iik’i’.il iii-  degree  i >1  v .tii.i 
biliiv  in  I  -ii  >t  1 1  u’spnii'i’  si’ii’i  in  ii\  .mil  response  p.itiiTns 
!  i.i'  bi’i’ii  .  ib'iTii’i!  .it  ilu  'ini’ll-  cell  level  i  M.inli-v  .md 
M  i  ii-lli-r  I’i  ill"  Nt-ttiii.  in  .nul  \\  i  illberg  b>~T)  l  'nit 

ll'spi  HI'I’S  III  smuill.llll'i  HIS  PUIC  II  nil's  l  .11 1  111  >t  lx-  piv 
iliiiiJ.  with  1 1  -n.ui  its  i'\i’n  i  >n  ilm  b.isis  ni  [h.n  unit’s 
iV'pi  nisi-s  [n  i-.kli  pun-  ii'iti’  i-li-n ii-iii  i  K.iisuki  i-t  .il 
I'tifi  I  Iiv  i.in.ibiliii  li.is  li-il  M.inlik  .md  Mui’lliT  I’i vuss 
in~s  1 1,  >  p(  ist 1 1 1. iii-  tin-  i-visti-iiu- 1  >1  ili-ti-i  tii  >n  i it- tvv i  >i  ks 
■aIih'i  mills  ri’spi  nul  in  ,i  pn  >b.iliilisiii  r.iilu-r  ili.in  ill- 
'i  rmimsiii  l.n I  m  m  and  i '  >1  It u  u\  i  l\  n  minlnne  in  pi’i'ivpt 
’•  >t  1 1  i.it  ii  >n  b.isiil  .in  ilm  1 1  mgk  >mi  t.  Hi'  pattern  <  >!  unit 

I I  s  l  I  I.II  Ill’s 

lh. il  i  >  iniiA'u.il  mlliii’iii  i's  >>n  i  hi  'til  mti  hi. uii  m  |iidg 
Hit  mis  1 1  mi.  mu ’i  I  >  ipri  .ii  i\  i  ■  in  Ms  i-iui  tin  >i  ipth  tin*  1 1  >rl 
i;  .il  .iss,  hi.  it  i.  >n  .in’. is  m.r.  luu-  hi -i  n  i  If  .il  Ii  -i  i’i  iii’il  ii'i'in 
iiiii  lt  nun’ll  i>  > 1 1>  >t i  >| >ii . 1 1 1 \  i ngum/cd  I rii ji ii’i ii \  mlnr 
ni  ii"  >n  i .ii'i’s  ilu’  pi  is'il-iliT'.  i ! i.ii  |in  i.ii l!\  mik'il  subi  i >m 
j » ■ui’iii’-  i  ■!  1 1  ii  tl i.ii. inti  h  i  iitn  .il  .uiiliii  >r\  s\ Mi-in  ii ii’ili.itf 
1 1 1 ■  i  a!  ]••!  mitt  iii  I  n  mi  i  .  .  >gmti\i’  pcrspei  Iiv.  Im  >.ul 
1  .■i'll  .’.1  !■  :  t  'i  ■  >  .  min  I ■  .i  l.k  k  >  >1  t 'iiu  tin i mu; .!'  .in  at  tribute 
’hi:  i  ■  a  i  II  '.nil’ll  :>  ■  .i  'ti-ni  lti.ii  .ih'ti.u  I'  i  ■  >nst.nti  k-s 

!  ’  1 1  ’..’  iiu  ■pi’ill.ll  li’.iililf'  ■  ll  1 1 1 1  Ii  Tl  ’ll!  ,  Ii  i  ill'lli  signals 

I":  I  l.’l  "  ■!  >  ”  s;  I  I.ill  ,  |i!i,  I  I  |  !,  I”,  ll  ||.  ,;iu;  I- li-lllf  ill.ll’l  ,1  nll'l  |i 
’  ii  .in  ii  tii  ,  I  i  ,.i!  in-  i!isi;;iiilk  .mi  !■  >  i  lii’i.;,  >i  k  .il  pn  »  i  "in'.; 
i'  .1  u  i i '  i 1 1 1 ; i -  : .  >  : u; 1 1  if  i-  -u  <  iHi  1 1  1 1  u -  ■  >1  "i  i  us.  I  n  iti  a  ,i,  I  k  hi 
'  i  i  i  :  n  ,u..i’  .ni'.’  I’i'si  in.  in!'  ■!  null'  ni  .it  ii  t  pik  >>,  u>''.is 


Ik  ill’ll!'  in  nnisii.il  priming.  ii  !'  mill i-'iini;  tli.it  ihc 
ivs| I,  >1 1 sfs  ,  i|  | ii  i  i. kill  miii\l  1 1  ii  t k  .il  .million  i  n-itn  >i is  t. , 
.1  given  I  ni  p  ni  k  \  .in-  i  ilifii  inllui’ik  ml  In  ilk-  stimulus 
i  vl.it  kinship  in  ,i  |  Him  t  iii  (in- 1  n  \  i  Mi  Kiiin.i  ul  .il  I 
W  1  lilt  If  III  .Hill  I  \  .Ills  p  .s  i 

(  )!  course.  tin  sf  p.n  .il  If  Is  between  .ill. Hi  >lli  k  .ll .  ph\si 
nlni>U’,il.  .mil  i  nmpui.llinll.il  I  limit  Is  <  >!  |t  nul  1 1  )!<  H  ill.  II  k  HI 

processing  must  remain  uiii|ivmr.il  in  .mill  ip.iimu  >  >1 
lurthi’t’  empirical  iiisiilk.itii  in. 

METHODS 

Neurological  History  and  Examination 

Tlie  details  nl  the  neurological  liisinn  li.ne  Ixvn  ptvvi- 
i Hisli  puhlishi’il  In  Mendez  .mil  Ciivh.m  i  b)Sis  i  Brictlv. 
M  s  is  a  il)  yi’.ii’-nkl  mail  w  hi )  in  I  USt  I  ,ii kl  I  PS  |  sutk’IVil 
local  ini. nets  m  the  ilisirilnainn  nl  the  right  .mil  If  It 
miilille  ivivhral  arteries.  rcspciiivclv.  pivsimublv  se, 
mill. in  to  c.irdiogenic  emboli  1 1  is  t  trsi  sirnkc  presented 
null  led  liemiparesis  .util  his  sen  util  with  transient  deal 
ness  and  persistent  ilelieits  involving  I  tot  It  speetli  ami 
environmental  sound  perception 

At  the  time  of  the  present  ohservuiii  mv  M.s  reporteil 
a  pervasive  sense  that  everything  doesn't  sound  clear 

I  le  had  great  ililiieultv  w  it  1 1  tigurc  go  mitil  separatii  in.  Ii  ir 
lA.mtple.  he  stated  he  had  trouble  understanding  speech 
when  move  than  one  person  was  talking,  and  when  lie 
rode  in  his  ear  with  the  window  down  hi’  hail  to  great l\ 
increase  the  Ii uklness  i  >|  his  raili*  >  in  >  >rili  i  ii  i  apprehend 
ilk-  niiisii  hemg  pl.ivvd  ills  wile,  a  speei’h  therapist, 
in iteil  that  m  thi’  I. in-  ol'  competing  sounds  his  speeih 
comprehension  was  aided  In  lacing  him  ami  In  talking 
si  miewhat  slowh 

Ms  almost  lAclusiveh  listened  to  mil'll  solil  bi-lore 
Iiv  strokes  lie  denied  that  music  untamiliar  to  him  had 
an  impli’.is.ini.  dys.ii usii .  or  di"onant  qualm  Ik’  had 
ilittii  iiltv  unilersiaitilmg  the  kriis  ol  new  songs.  Inn  Ik’ 
remembered  the  Krics  (and  nuisii  i  of  lamiliar  old  la 
vorites  will  enough  to  ivcogiii/i'  them  whim  lie  heard 
ilii-m  on  the  radio  Although  hi'  spent  le" it  hours  per 
il.n  listening  to  nui'ii  than  hetoiv  his  'troki1'.  hi’  aim 
lulled  thi'  to  a  change  in  hie  't\le  rather  than  a  lessened 
•ipprei  i.u  k  m  i  it  nuisii  I  le  ilm  nix!  ongoing  i  111  Ik  ultv  n\ 
ogni/ing  imi ironment.il  sound',  and  ri-nuiki-d  that  Ik’ 
was  able  to  ilifli  rentiaii’  Ii  >ri’ign  i  ai  In  m  iv  Iroin  \nteru  an 
i  me'  In  their  u  inal  qualm 

The  ni’iiroli  igk  al  exam m.tlk  m  was  ivmai  kable  loi  J\  s 
pi  i  isodii  spivi  h  a  sp.isiH  k-li  I  iiu  ii|  ni  res  is.  anil  lilt  hem 
isciison  l>  iss  to  all  i. Mile  mod. link’s  \|s  was  .den. 
.illenlne,  and  higlik  moln.iiid  to  peiloini  will  on  all 
l.isks  liis  spiaali  was  llui’i tl  ami  well  arm  ul. (led  and  hi’ 
followed  spoken  loniniand'  quiikk  ami  .ii  i  in  alilx  lie 
1 1 1 si 1 1 bull -i I  spatial  .menu >  >i i  m  >nn.ill\  I  le  w .is  .imluil.m  >r\ 
wnli  a  i  am  and  im  lepei  uii  in  in  ni"'i  uinnu’s  >  >!  daik 

I I  If  \ledk  .Hums  weie  limned  l<>  .  >  mni.k  In  i  Ilu  Idm 
i'lttgh  ll  Ail  Uo!:\  >1  111  ilk  III  |n”i  >  tr.dk  ah  d  mixed  !  n  d 


/  lnH.'i  >  o'  ■  I.' 


yducss  uiili  i  iul it  predominance  prcnioi  bulk  rl  aleiahlv 
Qm  Ilk'll!  ’Ill,  I  >ix  lie  K  2  I 

M  x  s  prcmorbld  level  III  miiMi.lillv  corresponds  ap 
pii'\imak-|\  in  (nisons  t|u__‘ )  third  level  <  il  musical 
i  u  It  U I  c  \\  huh  Ik"'  III  ilk'  middle  i  >1  IkT  i  l.l-'Mlk.llii  ill 
scheme  Ms  it  mk  guitar  lessons  lor  I  v  car  at  age  IS.  he 
‘.'..is  lit  a  trained  m  ihcorv  .it  iel  h.kl  nui  placed  il  ie  jiuii.tr 
I'M'  'd  era  I  >,  i  mi  s  I  u'|.  MX'  Ilk  |i;s(  vjii  ike  In  Ills  leens  .nkl 
e.ii  k  i\\ imi! k-s.  I K'  w .is  .in  ,i\ kl  listener  ol  popular  music, 
lie  ai  i  mutilated  a  large  record  collection  .iikl  listened 
al  lei  it  tv  c!v  1. 1  musk  several  hours  a  dav 

Standard  Audiometric  and  Psychometric 
I'ests 

I'mc  Im/c  \'U.\titi< >u  //>rc.s/'ii/(/> 

\uJi'MiU'ir\  was  peril  n'likxl  wiih  i!ie  subject  sealed  in  .t 
s.  mi'nl  irealed  n  h  'in  i  I  At  )  Aimisik  stimuli  were  gener¬ 
ated  u s 1 1 ili  ,i  (  n.isi  m  N. idler  I"  I  )i.is>in istu  Uidiometer 
.n:J  pix-seiikxl  1 1 1 1 . 1 1 iiu 1 1  I  I  >11  I1'  earphones  Dcicciion 
1 1  ii  e'l  h  >kls  1 1  ii  a  Si  ii  i  msec  pure  k  me  at  2x0  Si  him  1 1/  1 1- jy> 
Ji  were  established  using  ihe  modihed  llughson  -West 
lake  pi'  n  eilure  i  (  arhan  anil  Icrgcr  |UsU) 

Y'l  X  X  / 1  /  '(  Ml  i  j i/lt  it/ 

1  lie  \i  M  ihw i's|im  n  l  imei'sip  Iasi  Number  n  i  Tillman  and 
l  arhan  l ' n ,i , .  w.is  presented  lUou.uu.ilk  SS  db  above 
a\  ei  age  pure  !■  me  ihix'sl  mid  \  respi  like  ai  i  nrai  v  <  it  no"., 
and  mu  rear  dillerem  es  i  ■(  !  J  Ik'  within  ilk'  US",,  mn 
lnk'iiie  iiik'ixal  m  normals  i  Thornton  and  Kalllin  lB'st 
Ms  repealed  i  So  w ,  Mils  ai  t  uraieh  in  lelt  car  trials  and 
J  s  Si  i  m  i  il;!  a  ear  trials 

/kit  /  X  lliti  '/lit  /t  's/l 

liie  Ik  isjiti;  I  >iagm  is|n  \phasia  I  xammam  >n  ibHAI 
i  '  H  s.lidass  .mil  Kaplan  |nssi.  It.  iston  Naming  li  st 
•  i  n  ••  sl.al.iss  el  a  I  I  us-i '.  I'eri.  'iniaik  i'  Subtest  ot  ihc  Ke 
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..'.:an  i.  si.  v .  •.•.Miiiii  However  Ms  made  three 
i:  moo.  I  :  :  s  •  .1 ;  I  In  -!  i  Ilelli  e  I  I'pelllii  ||)  siibk-'l  ihe 
it- a  '  'x  in.  !.  a:  e  pixfiin'iit  |.  <  I  lie  pi  i-senl  expel  linen 
!  '.  r  i ,  1 1'  '.ii.  I  [In-  lul  leap's  I'M  I  he  \  at 
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graded  signal  in  an  attempt  U  >  enlunee  Ills  impi ncrished 
consonant -vowel  phoneme  discrimination  (a  insistent 
wiih  this  interpretation  is  the  observation  that  he  sulisti 
titled  leaps  lor  leaks  to  lollow  his  error  hat.  pre¬ 
sumable  to  resolve  the  impending  semantic  incongruitv. 
vet  talk'd  to  correct  the  open  class  substitution  error 
Irom.  which  did  nm  alter  the  meaning  ot  the  sentence 

I’erlormanee  on  the  Boston  Naming  Test  was  within 
normal  limits  (SB  no  correct  t.  the  Performance  IQ  was 
Bx.  and  the  Mentorv  Quotient  was  Bl.  On  the  WM  S  he 
scored  below  the  Stub  percentile  on  the  logical  memon 
snhtests  and  below  the  2xth  percentile  on  the  visual 
reproduction  subtests,  of  course,  performance  on  the 
lormer  could  hav  e  been  al  ter  ted  bv  impaired  speech 
discrimination 

Musical  Priming  Task 

Stimuli  inul  .\]>/>miiins 

The  stimuli  used  in  the  present  experiment  have  been 
previously  described  In  bhameha  and  Stoeekig  (  IBS-). 
To  simimari/e.  chord  spectra  were  synthesized  using  an 
Apple  Macintosh  microcomputer  l.ach  prime  chord  and 
in  tune  target  chord  is  a  major  triad  composed  of  the 
ii  mil  ( ).  mediant  (  2'  IJ  x  f, ).  am!  dominant  (2  1 J  x  > 
across  ihe  equal-tempered  scale.  "Out-of-uine"  targets 
an'  major  triads  that  are  mistimed  by  battening  the  tilth 
degree  by  a  fraction  of  a  semitone  ea  frequency  factor  of 
i  (.hoixl  components  were  sampled  from  a  live  oc¬ 
tave  range  ((is  il-  ils<>2  II/.  A,  =  tad  ll/I  with  an  am¬ 
plitude  envelope  in  the  frequence  domain,  such  that  the 
lowest  and  highest  frequency  components  tapered  off  to 
the  threshold  ol  hearing  as  determined  by  the  Fletcher 
and  Muiiscn  i  I  B-y-i )  isoloudness  curves  fills  procedure 
mmimi/es  the  salience  of  the  lowest  and  highest  spectral 
components  (Shepard  IBivi;  Krumhansl  ct  al  IBSJb)  The 
wavetorm  ol  each  of  the  IS  component  tones  contained 
the  In's.!  lour  harmonies  with  equal  amplitudes 

The  degree  ot  association  (harmonic  relatedness )  be¬ 
tween  the  prime  chord  and  target  chord  was  varied  in 
accordance  with  previous  experimental  analvscx  ol  har¬ 
monic  relatedness  judgments  in  normal  subjects  ( bliar- 
tiilia  and  Krumhansl  IBS.A  Krumhansl  et  al  |BK2a). 
which  lorrohorate  theoretical  .luuunts  of  harmonic 
structure  in  Western  music  dor  review  six'  Piston  IB“S) 
Kel. lied  pairs  (eg  A  1  and  (•'  "  I  shared  parent  kevs,  but 
tliev  did  nm  share  loinpoiii'in  link's  Primes  were  S 
sixomls  in  iluration  and  targets  were  i  seconds  in  du 
i  am  mi 

'Is  pet  loi  :ncd  one  Hoik  ol  un  u'tals  Trial  pri'senta 
Hons  were  mternallv  i andomi/ed  In  theiomputer  bnel 
pauses  I. (sung  up  lo  I  min  were  interspersed  approxi 
match  even  12  Inals  P.nh  ot  the  12  ma|or  iluinis  oi 
■.  in  r i ■- 1  tom  min's  .is  a  prime  I  lie  prune  was  followed 
equal  Iv  bv  e.kli  ot  ihe  lollowmg  t  argil  i  ■  mililioiis  i  ]  i 
m  tunc  i  elated,  i  2  '  hi  i  unc  mu  elated  '  ('  "Ui  o|  mile  it- 
lalix I  and  i  i  >  •  Mil  ■  u  me  ■. mi  elated 
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'stimuli  were  pu'H'iunl  m  live  held  in  .1  quiet  room 
using  .1  Mutiniosh  II  .iikI  ,1  s’. infill  A~ir  amplihcr  and 
speaker  swem  Stimulus  Ircqucncics  l.i\  within  the  high 
end  < ’I  I  lie  pure  tune  frequencies  used  le  measure  sen 
s.m.  >n  level-.,  .uni  stimulus  miciisitv  w.is  ad|iisied  in  mi 
i'S  dll  using  ,1  Ouest  siiund  level  meter  Response  .lull 
r.n  \  .11  n I  reaction  turn-  me.ismvmeiiis  were  intern. illv 
s\  in  In.  >1  n/ed  w  ill  1  .  I  mi  d  1.11  gel  <  H  isi.  |s 

I’mcct/nrc 

\  training  sessi.  m  w.is  e<  iiulih  led  during  w  hit  h  feedback 
w .is  until  .liter  e.u  h  pr.u  hie  tri.il  I  he  amount  ul  mis 
tuning  w.is  im  reused  In  .1  Irequencv  factor  ul  21  "  until 
Ms  w.is  in  gel  live  conseiuiive  trials  correci.  hut  11 
het.une  apparent  that  he  hail  dilliculti  with  in  tune 
targets  even  at  a  factor  of  2'  '.  tin.'  maximal  level  ul 
tleuaimn  In  nil  tin.'  cqualli  lemperetl  stale  We  1 1  ten 
tested  him  with  single  iliords  that  is.  targets  without 
primes,  hut  lie  still  did  not  reach  t  merit >11  In  collecting 
tlaia  lor  siaiisui.il  anahsis.  we  decided  to  mistune  the 
1  mt  i  'I  nine  targets  In  a  Im  it  >r  ul  21  the  maximal  level 
1  >1  mistiming 

M's  was  nisiruited  in  press  one  ul  two  hori/ontulli 
atli.it  ent  ke\s  .in  the  computer  kcvhounl  that  were  la 
heled  IV  aiul  Ol  I  lie  tisetl  his  right  hand,  which 
was  Ins  preferred  hand  lur  line  motor  control  premor 
hullv  Power,  rapiti  alternating  movements,  and  propri 
oveption  at  the  lingers  were  nomial.  anti  there  was  no 
evitleiu'e  ul  response  tlisiiihihiiion  on  inlormul  go  no 
go  testing 

lu  begin  euh  trial,  the  examiner  pressed  the  space 
lur  on  the  t  umputer  kevln  urtl  The  trial  began  with  a  2 
set  mask  consisting  of  b>  tunes  ul  raiulom  pittli.  fol¬ 
lowed  In  a  I  sec  pause,  then  the  prime  chord,  then  the 
target  i  lag  I  r 

I'Trnr  rales  w ere  analv /ed  using  an  analv sis  ul  variance 
with  rt'plk  ations  as  the  ra nth  >111  lattur 

Spectral  Intonation  Judgments  in  the 
Absence  of  a  Prime 

I  lie  stimuli,  apparatus,  and  pn  h  etlure  were  the  same  as 
t It's.  1 1  bed  in  the  priming  i.i'k,  exi'ept  that  the  mask  w as 
followed  In  a  'ingle  t  liurd.  1  hat  is.  an  in  tune  or  out -  ot 
tune  inuioi  1r1.nl  target  vv  nl  101  n  .1  prime  M  s  I itui  tl  eat  li 
i  n  get  1  vv  n  e  and  perl.  >i  11  let  I  one  him  k  ul  is  trials 

ifrainprints 

Mlv  st  .ms  weie  1  iblauu  tl  u-n ig  a  siemens  I  1 1  I es|u  Mag 

I I  el  ul  11  MK  S',  -  lem  I  i  'll  X  I  Wo  i  out  Igl  lulls  II  w  eight  ei !  Co 

I  ■  'ii.il  -I s  in  in-  we'v  obtained  in  the  10I011.1I  plane  1  I  It 

|||  nisei  II  III  nisei  s||(  e  ihk  kliess  Is  mill 

gap  n  a.  ' ini-moils  1  in  plane  lesululiuii  12  ■  12 
mm  1  In  .  1 '  h  1 1 1 n  >11  two  sen  ut  2' >  I  2  vveighletl  images 
wen.  ■ 'blamed  1  I  It  2  si  11 1  nisei  .  IT  is  'in  inset  sine 

I I  in  k  1  less  l.u  nun.  gap  I  s  mm  a- 1  |iiisii  ions  | 


in  plane  resolution  12  '  12  mini  12  weightings  are 
routinelv  mure  sensitive  than  I  1  lor  inlunt  imaging  and 
the  Tlv  IT  2sl)il  is  weighting  vv  as  part  it  tilarlv  helptul  lot 
t list rimmuting  inlarctetl  tissue  irum  terebiuspin.il  tlunl 
within  ex  vai  no  t  lunge  Mid  sagittal  smuts  were  ub 
lamed  at  the  outset  to  align  anil  mark  the  plane'  ot 
section  on  an  11 1  ten  1.1 1 1 /ei I  grid  and  mlcr  am.!  !•  >  measure 
the  anterior  posterior  tlist.n,ve  between  the  tronial  and 
<  h  t  ipital  pi  lies 

I  he  ti  unputer  let a  msirut  in  111  inetlii  ul  usetl  n  1  flat  m.i|  1 
eat  h  hemisphere  was  ortgmallv  tlel.nletl  hi  loiiandel  et 
al  i  I USU  1  at itl  will  be  01  ill  hrietlv  tlest  nbetl  lieu  ,  along 
with  minor  modiht ations  atlopietl  lor  patlioanatomn  al 
analv  sis  Copies  ot  each  IT  vveighletl  image  were  placed 
in  a  Beseler  2 A 1 1 ( I  photogruplui  enlarge)  anti  proiet'tetl 
1  mil  1  paper,  the  pial  surface  <  >1  e.k  h  hemisphere  and  the 
bottlers  ul  the  lesion  1  il  it  appeared  on  that  sluci  were 
iracetl  T2  vveighletl  images  were  pn  neclctl  1  mti  >  the  t  f  is 
est  n  irrespi  Hiding  IT  vveighletl  tr.k  mgs.  Irum  w  hit  h  tl  lev 
were  I  '  2n  mm  awav.  to  lurther  estimate  the  pul  mar 
gins  1  it  necn  itit  tissue  anti  the  In  u  tlers  >  i|  abm  irmal  signal 
not  apparent  on  the  IT  weighted  images  Kelercike 
points  ilemarcating  intlivitlual  gin.  nitrusiilcal  vs  super 
linal  cortex.  suiTucc  striicmres  King  vviilun  areas  ot  ab 
normal  MK  signal,  and  surface  structures  oierlving  areas 
ol  abnormal  signal  in  stibj.it ent  white  matter  were  mini 
beretl  sequentially  from  ilorsoineilial  to  ventrometli.il 
T  he  cortical  convolutions  on  each  section  were  labeled 
111  accordance  with  the  coronal  atlases  ol  Mat'in  anti 
llirano  i  I u~x  1  anil  krieg  (  Ido.si  file  ir.it  mg  was  tht'ii 
entered  into  the  computer  via  a  kuna  Ik  One  digital 
graphiis  tablet  lor  straightening,  alignment,  lonncition. 
staling,  anti  supplemental  graphii  s  T  he  surlace  an  as  ol 
intlivitlual  regions  ot  interest  were  me.isuretl  using  a 
digit. ili/cd  planimeter  I  lemispherit  volumes  were  nit.r 
sureil  In  tracing  the  surlace  1  >1  each  hemisphere  1  hi  each 
slue  using  the  planimetei.  then  tracing  the  iciitrulc' 
(when  netess.irv  ).  subtracting  the  ventinula.'  suiT.ne 
area  from  total  hemisphere  surface  area,  and  multiplv  mg 
In  slice  thickness 
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This  paper  presents  statistical  methods  which  can  be  used  to  examine  two  types  of 
inequalities  obtained  in  paradigms  using  redundant  targets.  These  methods  have  been  developed 
to  analyze  the  latency  data  obtained  in  our  investigation  of  multimodal  control  of  orienting.  In  the 
redundant  target  paradigm  (see  for  example,  Egeth,  Jonides,  &  Wall,  1972),  a  certain  number  of 
identical  targets  are  presented  simultaneously  to  the  subject.  The  subject's  task  is  to  detect, 
recognize,  or  identify  the  target.  In  general  as  the  number  of  redundant  targets  increases,  eiror 
rates  and  detection  latencies  decrease  monotonically  (Grice,  Canham,  &  Boroughs,  1984;  Miller, 
1982,  1986:Nickerson,  1973;  Raab,  1962;  Ulrich  &  Giray,  1986;  Shaw,  1982;  Mulligan  & 
Shaw,  1980;  Townsend  &  Ashby,  1983). 

The  models  which  successfully  account  for  the  performance  in  the  redundant  target  paradigm 
can  be  classified  as  parallel  processing  models  and  include  probability  summation  or  horse  race 
models  and  neural  summation  models.  The  probability  summation  model  processes  the  input 
information  from  different  channels  at  the  same  time.  The  processing  is  terminated  whenever  a 
target  has  been  encountered.  If  there  are  two  targets  to  be  processed,  the  processor  will  end  the 
execution  when  the  first  target  is  processed.  Therefore,  reaction  times  of  two  targets  condition  is 
expected  to  be  faster  than  reaction  times  to  each  individual  target.  The  neural  summation  model 
which  we  examine  here  entertain  another  possibility.  It  assumes  that  each  processing  channel 
has  an  independent  neural  counting  process.  When  two  channels  are  activated  at  the  same  time, 
the  activities  of  the  two  counting  processes  are  summed.  This  summation  process  produces  an 
increase  in  neural  counting  activity  which  leads  to  a  decrease  in  times  to  reach  a  response 
criterion.  Nozawa  (1988)  proved  mathematically  that  the  neural  summation  model  is  in  fact 
faster  than  the  horse  race  model  or  the  unlimited  capacity  independent  parallel  model . 

Two  inequalities  can  be  used  to  distinguish  between  horse  race  and  neural  summation  models 
(Ulrich  &  Giray,  1986;Nozawa,  1988).  One  of  these  was  introduced  by  Miller(1982)  and  is 
refered  to  as  Miller’s  inequality.  The  second  inequality  is  introduced  in  the  present  paper,  and 
shall  be  refered  to  as  the  Survivor  measure  or  S-measure. 

Miller's  inequality  (Miller,  1982)  can  be  expressed  as  follows: 

P.RT<t  IS i  ancJSj)  <  P(RT<tlS,)  +  P(RT<tlS2).  0) 

The  term,  pRT<tis,  andS2)  represents  the  cumulative  distribution  function  cf  the  redundant  target 
condition.  The  other  terms  represent  the  cumulative  distribution  functions  of  single  target 
conditions.  The  inequality  above  comes  from  the  fact  that  the  cumulative  distribution  of  the 
redundant  target  condition  can  be  expressed  as  the  sum  of  two  cumulative  distribution  functions 
from  single  target  conditions  minus  the  joint  cumulative  distribution  function  of  single  target 
conditions. 


PRT<t  IS,  and  SJ  =  P(RT<t  IS,)  +  P(RT<t  IS 2)  -  P!(RT<t  IS,)  and  (RT<i  ISJ]. 


(2) 
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The  relationship  between  the  lefthand  side  and  the  righthand  side  of  the  identity  (2)  leads  us  to 
the  inequality  used  in  the  S-measure,  which  comes  from  the  equivalent  identity  in  terms  of 
survivor  functions.  The  S-measure  is  defined  as  follows: 

S-measure  =  PtRTxlS,  andSJ  -  P(RT>tlSi)xP(RT>tlS:).  (3) 

Ulrich  and  Giray  (1986)  showed  that  performance  of  the  independent  probability  summation 
model  must  fit  into  the  interval  between  P(RT<t  iso  +  RRT<t  is2)  -  Pl(RT<t  is,) and (RT<t  isj]  and 
max(P(RT<t  iS0,P(RT<t  isq).  In  terms  of  survivor  functions  the  above  interval  can  be  translated  into 
the  interval  between  P(RT>tiSi)xP(RT>{iS2)  and  min(P(RT>t  is,).P(RT>t  is2)). 

As  shown  by  Ulrich  and  Giray  (1986)  the  cumulative  function  of  any  redundant  target 
condition  must  fall  between  the  region  surrounded  by  two  boundaries:  the  upper  bound  is  the 
sum  of  the  two  cumulative  distribution  functions  from  single  target  conditions  and  the  lower 
bound  is  the  maximum  of  the  two  single  condition's  cumulative  distributions  (see  Fig  1).  Notice 
that  in  terms  of  the  distribution  functions,  the  faster  the  mean  reaction  time  the  greater  the 
cumulative  distribution  function.  So  the  upper  bound  shows  us  the  case  in  which  the  speed  of 
the  probability  summation  model  is  maximized.  On  the  other  hand  the  lower  bound  shows  us  the 
case  in  which  the  speed  of  the  probability  summation  model  is  the  slowest  possible.  Increase  or 
decrease  of  reaction  times  inside  the  boundaries  can  be  explained  by  stochastic  dependence 
between  the  processing  channels  as  was  put  forth  by  Ulrich  and  Giray  (1986)  and  Colonius 
(1986).  However,  any  point  beyond  this  region  cannot  be  explained  by  any  type  of  probability 
summation  model  that  assumes  stochastic  dependence. 

In  order  to  reject  the  probability  summation  model  and  support  a  neural  summation  model,  it 
is  necessary  to  violate  identity  (2)  and  inequality  (1):  the  identity  (2)  being  a  weaker  test  for  the 
neural  summation  model  and  the  inequality  (1)  being  the  strongest  test.  In  terms  of  statistical 
hypotheses,  inequality  (1)  and  identity  (2)  can  be  expressed  as  follows. 

Identity  (2)  is  exressed  in  terms  of  survivor  function  and  written 

Hq:P(RT^  Si  and  Si)  -  RRT>t  IS,)  x  P(RT>t  IS*)  >  0 

and 

HpRRT^tlS,  andSJ  -  RRTmISOxPCRT^ISj)  <  0. 

Inequality  (1)  is  translated  into  statistical  hypotheses  as 

Hq.'RRT^  IS,  and  Sj)  -  P(RT<t  IS,)  +  P(RT<t  ISj)  <  0 

and 
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H^.POn^t  ISi  and  Sj)  -  P(RT<t  IS,)  +  P(RT<t  ISj)  >  0. 

It  is  possible  to  calculate  the  alpha  level  for  the  above  statistical  hypotheses  at  any  point  of 
time.  It  is  also  possible  to  summarize  multiple  comparisons  by  a  multiple  comparison  alpha.  By 
calculating  the  alpha  level  we  can  distinguish  the  various  degrees  of  neural  summation  for  any 
experimental  conditions. 


Application  to  Multimodal  Experiments 

In  the  present  investigation,  we  are  interested  in  comparing  the  degrees  of  neural  summation 
in  various  response  modes:  saccadic  responses,  directed  manual  response  and  simple  manual 
reaction  times.  These  following  statistical  hypotheses  are  to  be  tested. 

^O'^Sac^)  "  %oy^  —  ^ 


and 


^r'-'Sac^  *  °Joy^  <  ® 


^o-^Sac^  "  ^But^  —  ® 


^r^Sac^  ’  ^But^  <  ® 


Ho:SJoy W  -  sBut(t)  ^  0 

and 


Hi:Sj0y(t)  -  SBlU(t)  <  0 
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and 

H:-VISac(l) '  MjoyW  <  0 

^-:-“/-SacW  '  ^ 

ar.d 

H-.-^SacW  '  ^"But^  <  ® 


H-J'/_j0y(t)  -  ^~But(t)  ^  0 

and 

^^-JoyW '  ^“But^  < 


where  3#(t)  represents  S-measure  at  time=t  and  M.(t)  represents  the  values  derived  from  Miller's 

inequality  at  time=L  The  subscripts  represent  various  types  of  response  modes:  "Sac”  represents 
saccade,  "Joy”  represents  joystick,  and  "But"  represents  button  press. 

Now  let  us  consider  the  statistical  nature  of  the  identity  (2)  and  the  inequality  (1).  Nozawa 
(1988)  considered  a  point  on  a  survivor  functions  as  a  realization  of  a  binomial  random  variable 
and  used  this  idea  to  test  the  superadditivity  of  the  redundant  target  condition  at  the  level  of  the 
survivor  functions.  The  same  approach  can  be  applied  to  the  above  problem:  that  is,  binomial 
random  variables  can  be  used  to  represent  the  cumulative  distribution  functions.  Any  number  of 
events  in  a  bin  of  a  cumulative  distribution  function  can  be  considered  as  a  particular  realization 
of  a  binomial  random  variable:  Bin(n,p)  =  nCk  xp^xu-pf*,  where  n  is  the  total  number  of  points 
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in  the  sample,  k  is  the  number  of  events  falling  into  the  particular  bin,  and  p  is  the  value  in  the 
cumulative  distribution  function.  Note  that  we  can  also  represent  a  survivor  function  by  a 
parameter  p.  In  order  to  create  the  statistical  distribution  for  Miller's  inequality  it  is  necessary  to 
sum  the  two  binomial  random  variables.  The  sum  of  the  two  single  target  condition’s  cumulative 
distribution  functions  are  considered  as  a  convolution  of  two  binomial  random  variables: 


kpfki(ki)  =  (k,)*Plkl  x(1'P'rkl>  k2~fk2(k2)  =  (kJxPz^xO-pi)"^, 

k, 

ar.d  k  j  +k2  _  fkj(k,)  *  fk2(ki)  =  fk[(ki  -kj  x  fkz(kj) 

kj=0 

=Y  (k'-O  *ft) 

fc;=0 


In  the  case  of  S -measure  the  multiplication  of  two  single  target  condition's  survivor  functions 
are  considered  as  the  multiplication  of  two  binomial  random  variables. 


00  ki  00  ki 

fk,(k3)  =  XX  fkl(k,)xfk,(k;)=  ^  ]T  ft)  *ft)  p,klxp2‘ix(l-p,rkIx(l-p:)n^, 

J  kt=fl  kj=0  kt=0  ki=0 

w  here  k3  =  kj  x  k2. 


In  summary  new  methods  to  test  inequalities  used  to  distinguish  probability  summation  and 
neural  summation  models  in  the  redundant  target  paradigm  were  developed  by  treating  survivor 
functions  and  cumulative  distribution  functions  as  binomial  random  variables. 


Illustration  of  the  regions  pertaining  to  horse  race  versus  neural  summation  models 


Time  in  msec 
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